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ABSTRACT 


A shower containing ~ 360 charged and neutral shower particles 
produced by a magnesium nucleus of 2 10e.v. provides a source of 
mesons whose interactions have been studied over an aggregate track 
length of about 3 meters in emulsion. It is first shown that in very 
large showers not only the incident energy can be determined but also 
the energy of the shower particles. The angular distribution of the 
shower particles agrees closely and their multiplicity is consistent with 
Fermi’s theory. 

It is shown that the interaction cross-section of charged shower 
particles is geometric and that at an energy « ~ 1000 yc? they produce 
on the average 5 to 6 mesons. The mesons are preferentially emitted 
in the backward direction in the reference system in which the momentum 
of the incident meson balances that of a nucleon in the target. The 
excitation produced in the target nucleus is much lower than in nucleon- 
produced showers of comparable multiplicity. 


The charged mesons are nor emitted in pairs by a heavier meson of 
short lifetime. 


Charged shower particles as well as electrons produce electron- 
positron pairs with a cross-section of the order of that predicted by 
theory. 

The number of neutral mesons decaying into. y-rays in a time 
< 10-'* sec. is nearly equal to the number of charged shower particles. 

There exists evidence for the emission of neutral particles, different 
from neutrons, capable of producing meson showers. 


The energy balance of the event suggests that a few shower particles 
carry an appreciable fraction of the total energy. 


I. INTRODUCTION 


THE main subject of this paper is the study of a narrow beam of ~ 360 
charged and neutral particles of high energy confined to a cone of 7°4° half 
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aperture. This cone lies inside a large stack of photographic emulsions 
in which the path length of each particle exceeds 9cm. The aggregate track 
length in terms of distance, weight of material traversed and radiation units 
is therefore appreciable and permits the observation of phenomena related 
to the lifetime, the nuclear interactions and the electromagnetic interactions 
of the shower particles. 


In Section Il, we discuss an extension of previously used methods, 
applicable to very large showers, for the determination of the energy of 
the primary and the energy of the secondary particles. The latter is obtained 
under the simplifying assumption that the great majority of the shower parti- 
cles is fairly mono-energetic in the centre of mass system of the collision. 
The results obtained justify the belief that this assumption is a reasonably 
good approximation but that it should not be amplified to mean that 
the most probable and the average energy of the shower particles are 
equal. 

In Section LI, we consider the charged shower particles and the informa- 


tion which can be derived from their angular distribution and from the 
interactions which they initiate. 


In Section IV, we consider the neutral shower particles, assumed to be 
responsible for the appearance of the large soft component in the shower 
whose development can be studied in great detail. We also consider two 
cases of nuclear interactions induced by neutral shower particles. 


Section V deals with the charge and energy balance of the event. 


Il. THE ENERGY DETERMINATION OF PRIMARY AND SECONDARY PARTICLES 
IN LARGE MESON SHOWERS 


In order to analyse the properties of shower particles from their decay 
products and nuclear interactions it is essential to obtain an accurate know- 
ledge of their velocity as a function of their angle of emission. 


In this section we will show that for very large showers it is possible 
to obtain the energy of the primary as well as the velocity of the shower 
particles and their angular distribution in the C-system from the angular 
distribution of the shower particles in the laboratory system and that for 
the largest shower investigated it is possible to determine these quantities 
with reasonable accuracy. 

We shall first show in subsection A that in large showers, the shower 
particles are produced with relativistic velocity in the C-system and that 
an upper limit for the primary energy is directly obtainable from the main 
characteristics of their angular distribution in the L-system. 
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In subsection B we will show that, if the number of shower particles 
is so large that statistically significant numbers appear in small angular 
intervals, the details of the angular distribution together with the require- 
ment that in the C-system it is symmetric with respect to a plane perpendi- 
cular to the direction of motion, determines both the energy of the primary 
particles and the velocity of the shower particles. This analysis is carried 
out in detail on a'shower containing ~ 200 charged shower particles. 


A. An Upper Limit for the Primary Energy 


In the laboratory system (L-system) the velocity and energy (in units 
of rest mass) of the colliding nucleons and shower particles respectively 
is designated by f, y, By, yy. A bar is placed over the symbols when they 
refer to the system in which incident and target nucleons have equal and 
opposite momenta (C-system). The ratio of the velocities of the nucleons 
and shower particles in the C-system is designated by B/B)=m and the angles 
of emission in the L- and C-systems are @ and # respectively. 


The transformation between angles in the two systems is then given by 


x sin # 
Pe = ee (1) 


If m< 1 there exists a one to one correspondence between the angles 
of emission in both systems and to the angle 6, defining a cone in the L- 
system which contains the fraction f of all shower particles there corresponds 
an angle 3, defining a similar cone in the C-system. For m =1 the require- 
ment of symmetry of emission in the C-system (8 =a — #,_,) leads then 
to the relation determining the energy per nucleon of the incident primary: 


wae = 2 a = 2 cot Oy cot 6,_/*. (2) 


The product cot 6;cot 6, has been determined for three large showers 
and is given in Table I. The errors indicated in the last column are esti- 
mates of the errors in the determination of 6,, 4,_; based on the track density 
in each angular interval. It is seen that the product is indeed a constant 
over a large range of values of f. Thus it shows that B/B, is close to unity 
and that the shower particles are emitted with relativistic velocities in the 
C-system. There is however a deviation for f< Oel in showers No. 2 and 3. 


In shower No. 2 the angle %., contains only 5-6 shower particles and 





* Eq. 2 implies that all shower particles are produced in C-systems moving with equal velo- 
cities. This assumption is probably justified for energetic showers of small angular aperture since 
a second collision in the same nucleus will consist of an encounter in which all the products of the 
first collision collide again with a single nucleon. 
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large fluctuations may be expected. In shower No. 3 however the deviation 
is significant and shows that eq. 2 does not determine the primary energy 
correctly; it does, however, give an upper limit to the primary energy as 
shown below. 























TABLE I 
| | | 
Number of | € 
’ Primary charged °. ° | ———e 
Shower aa / | 6 | 0° -f MC2 
Nucleus shower parti-| / 1 
No. prt = | | 2 cot 9¢ cot O4-¢ 
| { 
——- GSR : ssi 
1 | He 59 5 4:75 | 4°75 | 292+ 18 
| 4 2-85 8-55 | 268+ 15 
| ~ 1:70 | 13-9 | 271+ 19 
2 0-39 | 25-16 274+ 15 
| J 0-65 32-33 278+ 15 
2 | He 57 5 3-40 3:40 | 570+ 30 
| “4 2°35 515 545+ 30 
| 3 1+55 8-15 518+ 30 
2 0-85 13-2 575+ 40 
“1 0-45 22-2 624+ 50 
s | Mm 210 5 0-735 0-735 12100+ 250 
“4 0-388 1-134 | 14900+ 350 
3 0-267 1-920 12300+ 350 
| -2 0-175 2-900 | 12900+ 400 
| “1 0-0738 4-470 | 20100+3000 
| | 





B. Determination of the Energy of Shower Particles 


Since all the showers considered in this paper have large primary 
energy (B ~ 1) the value of m =8/By cannot be significantly smaller than 
unity. It can however be larger than unity if the mesons are emitted in the 
C-system with relatively low velocities. In this case we have no longer a 
one to one correspondence between the angles of emission in the two systems. 


One half of all mesons will in the C-system be emitted with angles 
i) < 7/2 and therefore appear in the L-system in the cone defined by 


‘ I os ; 
y tan 0 = ae In addition however this same cone in the L-system also 


contains mesons which in the C-system are emitted in the angular interval 
— 1<cos# < — 2m/(m* + 1). Therefore, if 6, defines the cone in the 
L-system which contains half the shower particles, we must have 


es is : 
y tan &< — < lor y< 2 cot? 4: 


Thus the energies obtained in Table I represent an upper limit to the true 
primary energies. 
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In order to find the correct value of the primary energy as well as the 
velocity of the shower particles we have to make a more detailed study of 
the angular distribution of shower particles in the L-system. Such a study 
is only warranted if the multiplicity is very high; we confine therefore our 
analysis to shower No. 3. 


The two parameters appearing in equation | are: 

The energy of the primary nucleon (y) and 

The ratio of its velocity to that of the shower particles (m). 

One relation between these parameters is provided by the condition 
that the maximum spread of the shower is determined by 

l 

Vat} (3) 
from eq. 1. The second required relation is obtained from the condition 
that the transformation of the angular distribution from the L-system to the 


C-system must produce an angular distribution which is symmetric about 
the plane defined by cos? =0. 


y tan 6,, 


C. Description of the Shower No.3 and Evaluation of its Energy 


This shower is produced by a magnesium nucleus in the glass of a 
stack of 80 plates coated with NT4 emulsions 230-240 » thick. The shower 
particles emerge into the first emulsion after traversing 5-1 mm. of glass. 
All the particles which emerge have minimum ionization. The absence 
of any relativistic a-particle or heavier fragment indicates that the destruc- 
tion of the primary nucleus was complete and therefore presumable a large 
number of nucleon-nucleon collisions took place. 207 Charged shower 
particles emerging from the glass where the event took place are contained 
in a cone whose half angle of aperture is 7-4°. Survey of an area 4 times 
larger than the intersection of this cone with the first emulsion resulted in 
three additional tracks close to the boundary of the cone. The angular 
measurements were carried out at a distance of 7080 from the origin. The 
resolution obtained was better than 5.x 10~ radians. The shower left the 
stack after passing through 24 emulsions. The total distance from origin 
to exit is 9-2 cm. of which 66-7% were taken up by glass, 159% by emulsion 
and the rest by air gaps. The emulsion represented however 50% of the 
material when expressed in y-ray conversion units and 21% when expressed 
in units of, the mean free path for nuclear interactions. 


Fig. 1 shows the track of the primary nucleus and the appearance of 
the core area in the first emulsion. Fig. 2 shows the angular distribution 
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SHOWER No. 3 
Integral Angular Distribution in Laboratory System 
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Fic. 2. Showing N (6) the number of tracks emitted at an angle greater than @ in 
the Laboratory System. Plot on the right shows the tail end of the distribution in detail, 


of shower particles in the L-system. From this distribution we determine 
the maximum width of the shower tan #,, =0-130 (@,, =7-4°). There 
are three additional tracks outside this cone (@ =8-1°; 88°; and 11-1°) 
which may be due to shower particles of more than average velocity. We 
shall show however that the result is not seriously affected if we take 
#,, =11-1° instead of 7-4°. With the help of (eq. 1, 3) we can convert the 
angular distribution in the L-system into an angular distribution in the C- 
system using various values for B/By) =m. Table II shows the number of 
particles which appear in the forward and backward directions in different 
angular intervals in the C-system. 


A symmetrical distribution is obtained for m= 1-007 which together with 
€ 

MC = 8430) 

and for the energy of the shower particles y, = 8-4. If we choose 6,, = 11-1° 

instead of 7-4° and make an identical calculation we obtain symmetry 


tan @,,= 0-13 gives for the energy of the primary y = 65 (y = 


for m =1-003 corresponding to MC? =8700 and y =12-5. Fig. 2 


however suggests that the former choice for 4,, is more accurate, 
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TABLE II 


Mp x 1-002 , 1-004 1-006 1-007 1-008 | 1f-010 1-012 


Backw. 


Forw. 
Forw. 
| Backw. 
| Forw. 
Backw. 
| Forw. 
Backw. 
Forw. 

| 

| Backw. 
Forw 
Backw. 

Forw 

| Backw. 


t<jcos | <-95| 17 43 | 1 2s | 10 18 | 12 14) 14 14 | 19 10 J 
m 


+95 < | cos} | < +85 7 27 22 30 25 26 26 25 32 21 28 21 32 19 
85 << | cos] <-75} 14 7 13 16 19 13 19 14 14 14 16 16 15 14 





or 
~I 
~1 


l | cos $1 < -75| 38 77 | 46 70 | 54 53 | 60 49 |'63 47 | 68 44 
m | 











Thus the energy of the primary nucleus and of the shower particles are 
fairly accurately determined by the angular distribution in the L-system. 
The magnesium nucleus which produced the shower had an energy of 
7°8 x 10!2 eV. per nucleon or a total energy of 1-9 x 10%eV. The shower 
particles are produced in the C-system with energies of order 10 uc?. 


We can now plot the angular distribution of the shower particles in the C- 
system except for the small interval —1 < cos # < — ul or 173-2°<#< 180°. 


The tracks belonging to this interval are spread over our entire distribution 
in the L-system. Their number should be equal to the number of tracks 
emitted in the interval 0 < # < 6-8°. There are 18 tracks in this interval. 
We have therefore added 18 tracks in Fig. 3 to the other tracks emitted close 
to the backward direction and indicated this correction by a shaded segment 
in the histogram. The curve in Fig. 3 represents the angular distribution for 
median impact parameter as derived by Fermi (1951). The agreement 
between the theoretical and experimental angular distributions is very close. 


The velocity of the shower particles in the L-system is obtained from 
the relation 
Yo =ywy + Vy2—1 Vy cos d 
and is plotted in Fig. 4. 


III. PROPERTIES OF THE CHARGED SHOWER PARTICLES 
A. The Absence of Zeta-Mesons 


It has been suggested (Danysz, et al., 1952) that one of the particles 
emitted in high energy collisions is a neutral meson of very short lifetime 
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SHOWER No. 3 
Angular Distribution in C-System 


nd) 
40} 





10} 














i S. s* i 4S. = EE A. 4 A. i L a i 
19 8 7 6 5 4 3 2 14 «0 -1-2-3 -4 -5 -6 -7 -8 -9-1 
Cos 
Fic. 3. The histogram gives the angular distribution of shower particles in the 
C-System. The shaded area indicates the contribution from the C.M. angle corresponding 


to = . <cos 4 < —I1. The smooth curve is Fermi’s result for the median value of 


impact parameter. 
SHOWER No. 3 
Energy Distribution in Laboratory System 
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Fic. 4. Plot giving the energy of the shower particles in units of their rest mass as 4 
function of their angle of emission in the Laboratory System. Inset figures indicate the 
number of particles in different energy intervals. 
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(t, < 10-™ sec.) disintegrating into a pair of charged pions, the Q value of 
the reaction being of the order of 3 MeV. Shower No. 3 affords an opporiu- 
nity to test this hypothesis. If Zeta mesons were produced we should observe 
pairs of charged particles whose angular separation is less than 


_2VQ 
Yo 


max, 


where Q is the excess in the mass of the parent particle in units of the mass 
of the daughter product. We know the value of y, as a function of angular 
distance from the shower core (Fig. 4). If the Q value is 3 MeV. and the 
product particles are not lighter than pions, the largest possible separation 
of the doublets at a distance of 7:1 mm. from the origin is 1-9 near the 
centre of the core and 24-6, at a distance of 355, from the shower axis. 
We exclude the region within 35, from the shower axis where the track 
density is so high as to make accidental coincidences probable. In the 
region from 35 to 355, from the axis the mean distance between tracks 
is 4 to 9 times the expected maximum separation for doublets. We find among 
a total of 101 shower particles six pairs which are close enough to be the 
products of a Zeta-meson. Since as shown in Section III we expect to see 
in this region six electron-positron pairs from y-rays converted in the 
material which separates the emulsion from the origin, it seems certain, that 
the shower particles observed in this event are not the decay products of 
a shortlived neutral parent particle unless the Q value of the reaction is very 
much higher than the assumed value of 3 MeV. 


B. The Interaction Cross-Section of Charged Shower Particles 


We have surveyed most of the shower area in 23 emulsions. The 
aggregate track length of charged shower particles in the surveyed area was 
201 cm. or 805 gr./cm.? In this region we found 8 nuclear interactions 
produced by charged shower particles. (In addition there were 2 nuclear inter- 
actions produced by neutral particles in which the distribution of shower 
particles clearly indicated that the primary originated in the main event.) 
If the charged shower particles have an interaction cross-section correspond- 
ing to the geometrical area of the target nuclei then we expect to see 8-6 
collisions produced by charged shower particles (A= 93 gr./cm.? in emulsion), 
We therefore conclude that the most and probably all the charged particles 
created in the original event have geometric interaction cross-section. 


C. The Nature of the Secondary Interactions 


Since the original shower must, in addition to mesons, contain approxi- 
mately 20 protons and 20 neutrons (representing the nuclear matter of the 
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primary and the target nucleus) we expect about one interaction due to 
protons and one due to neutrons. 


Most of the secondary interactions initiated by charged particles must 
therefore be due to mesons. 


A total of 56 additional charged shower particles are produced in nine 
secondary interactions. (In the tenth interaction the charged particle passes 
through the nucleus undeviated.) The appearance of the showers differs 
in two respects from “ ordinary” showers (which are presumably mostly 
produced by nucleons). Heavy prongs are comparatively rare and the 
angular aperture of the showers appears to be comparatively large. 


(a) Excitation of the Target Nucleus by Fast Mesons 


Table III gives the number of shower particles (n,) as well as the number 
of non-relativistic singly charged particles and evaporation fragments (N,) 
in each of the secondary interactions. In the last column we have listed 
the number of heavy tracks in “ ordinary’ showers of equal multiplicity 
as obtained by Camerini, ef a/. (1951). Following the notation of these 
authors we use the subscripts p and n for showers produced by charged and 


TABLE III 


Prong Distribution in Secondary Meson Showers 





| Average num- 
Number | Number of | ber of heavy 

Star —_——— prongs prongs in 
. particles Ni ‘* ordinary ” 


is 


showers 
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neutral particles respectively. The data in Table III strongly suggest that 
meson-produced meson showers lead to much lower excitation of the target 
nucleus than showers of equal multiplicity produced by nucleons. Showers 
with zero or one heavy track (jet type showers) seem to be common. They 
have frequently been interpreted as due to collision with protons or glanc- 
ing collisions with heavy nuclei. It appears however that at least in some 
cases the absence of heavy tracks may be connected with the nature of the 
primary particle rather than with the nature of the target nucleus or the 
geometry of the collision. 


(B) The Angular Distribution of Shower Particles in Meson Produced Showers 


The angle of emission and therefore the value y) of each of the particles 
producing secondary stars is known from Fig. 4. If we think of the second- 
ary showers as being produced in a collision between a meson and a nucleon 
in the target nucleus we can define a reference system (C’-system) in which 


the total momentum of the secondary collision is zero. The velocity of 
this system is given by (1 — B’)!=y? oM and the relation between 


the angles of the shower particles in the L-system and C’-system respectively 
is given by 

“You . sin 3” 

TM 80 8 = cose 
Here » is the mass of the incident meson, M the mass of the nucleon and 
Bo the velocity of the secondary shower particles in the C’-system. Since 
in these collisions B’ ~ 1 the ratio of velocities of the C’-system to that of 
the secondary particles in the C’-system 8’/B)’ must be larger or equal to 
unity. Using again the argument presented in Section II we find that, if 
half the shower particles in the C’-system are emitted with angles 3’ < 7/2, 
then more than half the particles must in the L-system be emitted within 
the laboratory angle defined by 


Yo 


tan? &” << Miu. 


Since in each secondary star the value of y) and the angle of emission of 
the shower particles (6’) is known, we can, assuming various values of M/p, 
obtain an upper limit for the number of secondary shower particles which 
in the C’-system are emitted into the forward hemisphere. We find that 
less than half of the 56 secondary shower particles are emitted into the for- 
ward hemisphere unless we assume that the average mass of the incident 
meson is less than 7% of the proton mass, 
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Because as shown before the excitation produced in the target nucleus 
is generally small and few if any slow particles are emitted, it is unlikely 
that the angular distribution of the shower particles is greatly widened by 
scattering inside the target nucleus. Our result therefore seems to indicate 


that in meson produced meson showers particularly in those of high multi- 
plicity the shower-particles are in the 


C’-system predominantly emitted 
in the backward direction. 


Some of these showers are reproduced in Fig. 5, 
SHOWER No. 3 
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Fic. 5A. Facsimile drawing of a secondary event 


of the type 0+5,, caused by a 
neutral shower particle in the original shower. 


Fic. 5B. Facsimile drawing of a secondary event of the type 1+-4,, caused by a 
neutral shower particle in the original shower. 


The meson production by mesons may perhaps be thought of 
as a process in which the incident meson interacts only locally in passing 
through the meson cloud surrounding each nucleon and produces mesons 
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Fic. 5C, Facsimile drawing of a secondary event of the type 2+11, caused by a 
charged particle in the original shower. 


successively losing energy in each step. Such a model might account both 


for the large spread of the meson showers and for the low excitation pro- 
duced in the target. 


IV. THE NEUTRAL SHOWER PARTICLES 
A. The Ratio of Neutral to Charged Pions 


The ratio of the number of neutral to charged pions has been measured 
by many observers [Bradt, et al. (1950), Carlson, et al. (1950), Tinlot and 
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Gregory (1951), Daniel, et a/. (1951), Kaplon, et a/. (1952 A and B), G. Salvini 
and Y. Kim (1952)]. There is an appreciable discrepancy between values 
obtained by different observers both at low and at high energies. Since 
this quantity is of great theoretical interest, additional measurements with 
modified techniques are desirable. The shower described in the previous 
section permits a determination which is free from some of the uncertainties 
of previous measurements, for the following reason: 


(1) The ratio of charged mesons to protons is accurately known. Since 
all particles in the shower have minimum ionization and since they are all 
confined to a small angular interval the shower must contain all the protons 


of the projectile (Mg) and the target (O or Si). The number of protons 
lies therefore between 20 and 26. 


(2) The shower passes through 0-7 conversion units (one radiation 
unit) in the stack and 50% of the conversions take place in the emulsion. 
It is therefore possible to recognise all the processes which give rise to addi- 
tional minimum ionization tracks in the shower core and establish what 
percentage of the increased track number is due to pairs produced by y- 
rays, what percentage due to pairs produced by charged particles and what 
percentage to nuclear interactions of charged and neutral particles. 


(3) The number of y-rays involved is so high that statistical fluctuations 
do not introduce an appreciable error. 


In Fig. 6 we have plotted the observed number of shower tracks in a 
cone of half angle 5-7 x 10-* radians as a function of X, the distance 
from the origin in conversion units. In the same graph we have plotted 
the expected increase in track number assuming that the entire increase is 
due to the conversion of y-ray pairs from the decay of neutral mesons of 
varying life times. We have drawn the calculated curves so as to coincide 
with the experimental values at X =0 and X =0-178 by chosing an 
appropriate value for the number of neutral mesons in the cone. Fig. 6 
shows clearly that the experimental points lie on curves for which the meson 
lifetime in the L-system s< 10" sec. and the number of neutral mesons 
nearly equals the number of charged shower particles. The corresponding 
proper lifetime is t»< 10°“ sec. Identical results are obtained if we use 
cones of different aperture. It shows that we can in our experiment neglect 
effects due to the finite lifetime of the neutral meson. In order to obtain 
a reliable value for the ratio of neutral to charged mesons, however, a more 
detailed analysis of the multiplication process is required. 


We have surveyed in 17 emulsions the area defined by a shower cone 
of half angle 1-6 x 10-° radians as well as a small additional area near this 
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Fic. 6. Number of charged minimum ionizing particles in a cone of aperture 5-7 x10-° 
radians as a function of distance from the shower origin. 


The curves represent the increase 
calculated for neutral 


pions of varying lifetimes. The number of neutral pions for each 
curve is adjusted to give agreement with the experimental point at X = 0-178. 


cone and found the following events in which relativistic particles are 
produced : 


29 High energy pairs produced by y-rays. 
15 High energy pairs produced by charged particles. 


56 Shower particles produced in the nine nuclear interactions previously 
described. 


We have determined the number of converted y-rays and therefore the 
number of neutral mesons in two ways: the first method which is somewhat 


Set cers ef £5 8S Sree 


£528 448 2S TEE 





90 D. LAL AND OTHERS 


less accurate involves the detection efficiency for y-ray produced pairs. 
The second method depends only on the relative contribution of the various 


processes to the total multiplication. Both methods lead to similar 
results. 


(a) Electron pairs are difficult to detect if the origin of the pair lies 
close to either surface of the emulsion. The efficiency for detecting pairs 
originating near the centre of the emulsion was assumed to be 100%. Since 
the origin of pairs must be uniformly distributed in depth throughout the 
emulsion, we obtain from the length distribution of observed pairs an upper 
limit on the overall detection efficiency of 75%. 


In 17 emulsions and in the area restricted by the cone of 1-6 x 10°? 
radians we observed 24 y-ray produced pairs. The total number in that 
area must then be at least 32. Since in each emulsion as well as in each 
glass backing the track length corresponds to 0-016 conversion units and 
since the 17 emulsions were nearly equally spaced over a distance from 
X = -048 to X =0-697c.u. (comprising 20 nuclear plates) the 32 pairs 
represent 42% of the numbers of y-rays converted in this distance. The 
number of neutral mesons in the cone is therefore given by 


“a 
e-0, 018 _ -— — 84.* 


Because of the manner by which the detection edficiency was estimated, 
the true value may be slightly higher. 


At X = -048 the same cone contains 119 charged shower particles. 
Correcting for the pairs converted in -048 c.u., the number of nonelectronic 
charged particles is 106. Since the entire shower must also contain 20 to 
26 protons from the incident (Mg) nucleus and the target (Si or O) nucleus 
we deduct a corresponding fraction of the total and obtain 93 charged 
mesons in the cone. 


The ratio of neutral to charged mesons becomes 

=. 

nt + no 

(8) We can arrive at the ratio also from the total multiplication of shower 
tracks. 


=0:9.* 


The contribution to this increase from secondary mesons produced 
in nuclear collisions is obtained from the angular distribution of shower 
tracks in the secondary stars. In the angular cone considered, the 9 stars 
occurring in emulsion contribute 8 tracks. At the same time the seven 
charged primaries of these stars are eliminated from the cone. Thus the 
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net increase is only 4 tracks per star. Since the interaction cross-section 
of charged shower particles was found to be geometric, another 34 similar 
events must occur in the glass of the plates which will contribute 3-8 tracks 
to the total increase. After making this small correction the remaining 
increase of 170 tracks must be attributed to electrons created in 20 emul- 
sions and 20 glass plates inside the cone. 


In surveying 17 of these emulsions we find that 19 out of 24 y-ray pro- 
duced pairs are completely unresolved in a track length of several hundred 
microns. Altogether there are among the 48 electrons of these pairs 7 which 
are emitted under a small angle (~~ 10-*) to the direction of the shower 
particles. These electrons will not contribute to the observed multiplication 
at the end of the stack since they have comparatively low energy and will 
be scattered out of the cone which we are considering. Thus only 85% 
of the y-ray produced electrons contribute to the multiplication. 


The 8 pairs produced by charged particles in the same area have much 
lower energy. Only 6 of the 16 electrons created are of high enough energy 
to contribute to the multiplication. Thus of the 170 electrons, 148 come 
from y-ray produced pairs and the others from pairs produced by charged 


particles. In order to obtain 148 electrons n,= > be 357 87* y-rays must 


be converted between 0-048 and 0-697 conversion units. The corresponding 
number of neutral mesons is m) = 96 and the ratio 


No 
ata. 7's 4" 
Within the statistical error this value is in agreement with the value 
0:71 + 0-3 obtained by Kaplon, et al. (1952 B) for showers in a similar 
energy range but without correcting for protons among the charged shower 
particles. It is however in disagreement with the value 0-29 +-08 
obtained at high energies by Daniel, et al. (1951). 


We can now correct for the number of pairs converted in -048 radia- 
tion units between the origin of the shower and the first emulsion. ° 


* Note added in proof: The values marked by asterisks should be reduced by | % to 
account for secondary and tertiary pairs created in 0-697¢.u. The calculated corrections have 
been checked by measuring the multiplication at smaller values of X. Thus we obtain 
a ratio: 

No 
nu ~An 


- = 0°86 + 0°1. 


We are indebted to Dr. M. F. Kaplon for drawing our attention to this error. 
A2 
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Of the 210 charged shower particles observed (7 mm. from the Origin) 
22 are electrons from converted y-rays. 
~ 23 are protons. 


165 are charged mesons with possibly an admixture of proton-anti- 
proton pairs. 


There are also ~ 145 neutral pions, about 23 neutrons and possibly addi- 
tional neutral particles emitted in the collisions. 


The 22 electrons contained in the shower at the point of observation 
do not introduce an error into the analysis of the angular distribution in 
Section Il. Their inclusion in the analysis is equivalent to including some 
of the neutral mesons. 


B. Cross-Section for the Production of Electron-Positron Pairs by Charged 
Particles 


In the previous section we have analysed the composition of the rela- 
tivistic particles contained in a cone of half angle 1-6 x 10-? radians. 


Surveying 17 emulsions we found 15 pairs produced by charged particles 
of which 8 were lying in the cone. On the basis of an estimated detection 
efficiency of 75% we believe that the number of such pairs in the surveyed 


region should be taken to be 10-5. In view of the fact that most y-ray 
produced pairs are well separated from the nearest charged particle track 
we do not believe that an appreciable fraction of pairs attributed to charged 
particles are in fact coincidences between the track of a charged particle 
and a pair produced by a y-ray. 


The cone contains the tracks of 106 mesons and protons whose energy 
in units of their rest masses is of the order of y,~ 1000 and a linearly increas- 
ing number of electrons with y,~ 100,000. 


The total observed track length in emulsion is 100cm. or 27 conver- 
sion units for mesons and protons and 83cm. or 22 conversion units for 
electrons. Using the formule given by Bhabha (1935) the cross-section 
for pair production by singly charged particles in emulsion (Z,~ 40) in 
units of the cross-section for pair production by y-rays is 

56% for yy = 10° 
20°5% for yo = 10°. 
We therefore, expect in the observed region 

1-5 pairs created by mesons or protons and 

4-5 pairs created by electrons, 
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a total of 6 pairs. These numbers do not critically depend on the assumed 
values for the energy of the particles. The experimental and theoretical 
cross sections are therefore found to be in reasonable agreement. 


C. Meson Showers produced by Neutral Shower Particles 


We have observed two meson showers produced by neutral shower 
particles. Both are of the “jet” type. They are reproduced in Fig. 5. 


One shower occurs at a distance of 8-3cm. from the origin. It has 
one heavy prong and four well collimated shower particles. It may well 
have been produced by one of the 20 neutrons which must be present in the 
primary event. 


The second shower is produced at a distance of 4-4cm. from the origin 
and located very close to the center of the core. No heavy track and no 
recoil is associated with this event. It has 5 minimum ionization tracks 
whose angles with the shower axis are 0-71°, 3-3°, 4-0°, 40-1° and 103° 
respectively. A star consisting only of minimum ionization tracks diverging 
at large angles has not previously been observed by us and should be quite 
rare. In view of the fact that wide emission angles and low number of 
heavy tracks seem to be characteristic of meson showers produced by charged 
mesons, it is tempting to attribute the event to the nuclear interaction of a 
neutral pion. It is easily seen however that the probability of observing 
such an event at a certain distance from the origin decreases rapidly with 
the lifetime of the particle. Assuming nuclear geometric cross section, the 
chance of observing one of the 145 neutral pions in our star to produce a 
nuclear distintegration in emulsion at a distance of 4-4 or more cm. from 
the origin is 1% for a lifetime s =3 x 10-™ sec. and 0-05% for a lifetime 
t=2 x 10-" sec. Since the energy of a shower particle in the centre of 
the core is approximately yg ~ 1100yc?, the particle producing the event 
must have a lifetime in its rest system, 7), >2 x 10-™ sec. 


In view of the uncertainty in the energy of individual mesons this is 
not necessarily in contradiction with the lower limit (7,< 10-" sec.) obtained 
in Section IV A, but indicates that the true lifetime must lie very close to this 
value if the event was produced by a neutral pion. This lifetime is in close 
agreement with the value obtained previously by a different method (Kaplon, 
et al., 1952 A). 


The secondary interaction on which the lower limit of the lifetime is 
based, may of course have been produced by different kind of neutral meson 
of longer lifetime rather than by a neutral pion. 
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V. CHARGE AND ENERGY BALANCE 


According to our analysis, the shower was produced by a primary 
nucleus of magnesium with energy 1-9 x 10“eV incident on a target 
nucleus of oxygen or silicon. In addition to the original nucleons contained 
in the shower the collision resulted in the production of 165 charged mesons 
and an almost equal number of neutral mesons which decay into two 
y-rays with a lifetime 7, $ 10-™ sec. 


The total number of mesons produced at this energy are in agreement 
with Fermi’s theory if we assume that 19 nucleon-nucleon collisions have 


taken place and that both charged and neutral mesons have a statistical 
weight of 2. 


The nature of the charged shower particles is not known, but if we 
assume that the y-ray producing neutral mesons are all neutral pions, we 
get a large excess of neutral over charged pions unless we assume that most 
of the charged shower particles are also pions. If for instance 50% of the 
charged shower particles were K-mesons or protons and anti-protons 


the ratio —”°_ would become nearly equal to 2. 
ny + n_ 

Other neutral mesons of longer lifetime or neutron—anti neutron pairs 
may also have been produced but in view of the fact that 8 out of 10 second- 
ary nuclear interactions were initiated by charged particles this number of 
longlived neutral particles, if they are produced, is likely to be much smaller 
than the number of charged shower particles. 


From the point of view of charge symmetry the simplest and most 
satisfactory assumption would be that all the mesons are pions. A considera- 


tion of the energy balance of the collision neither confirms nor contradicts 
this view. 


An energy balance for the total event can be established only very roughly 
since the number of nucleon-nucleon collisions contributing to the shower 
is noi known. In view of the absence of heavy fragments from the incident 
nucieus we shall assume that at least 12 of the incident nucleons were 
involved in the collision. In each interaction an energy of 130 MC? is 
available in the C-system. Thus we have to account for at least 1560 MC? 
in terms of mesons and nucleons if complete inelasticity is assumed. We 
have obtained an energy of 8-4 yc? for the mesons in the C-system. If we 
assume that all of them are pions they will account for only 400 MC2. The 
24 nucleons assumed to be involved in the collision will account for not 


more than 200 MC*. This leaves 60% of the available energy unaccounted 
for. 
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It seems difficult to remove this discrepancy by drastically reducing 
the energy of the incident nucleus or raising that of the average meson 
produced because the ratio of nucleon to meson energy in the C-system is 
completely determined by the maximum spread of the shower which in our 
case seems to be well defined. This discrepancy is reduced if we 
assume that many of the shower particles are much heavier than pions 
but another plausible explanation is suggested by the observations of 
Kaplon, ef al. (1952A) on the T-shower. Here two of the 17 neutral 
mesons carry 62% of the entire energy appearing in the soft component. 
Observations which lend themselves to a similar interpretation were 
reported by Hopper, et a/. (1951). In view of the evidence that a 
large fraction of the energy may be concentrated in a small number 
of shower particles, we feel that the energy balance of showers cannot safely 
be used to arrive at conclusions about the mass of shower particles. 


The energy of 1-9 x 10 eV for the incident nucleus is the highest as 
yet observed in the heavy component of primary radiation. It suggests 
that the constancy of the chemical composition of primary radiation which 
has been shown to hold certainly up to energies of 10" eV/nucleon (Lal, et al., 
1952) may in fact extend to the highest energies appearing in cosmic radia- 


tion. If this assumption is correct, then events like the large Auger showers 
whose detection depends on the total energy of the primary rather than on 
its energy per nucleon will mainly be initiated by very heavy nuclei. 


VI. CONCLUSIONS 


The angular distribution of shower particles in showers produced by 
nuclei, will for very high multiplicities determine the energy of the primary 
as well as the energy of the secondary particles, if most of the latter are 
assumed to be reasonably monoenergetic in the C-system. For a shower 
containing nearly 200 charged shower particles produced by a Magnesium 
nucleus of 1-9 x 10“ eV, the angular distribution agrees closely with the 
predictions of Fermi’s theory. The observed multiplicity at this energy is 
also consistent with the theory. 


The charged shower particles interact with geometric cross-section and 
(at energies of the order of 1000 uc?) produce secondary showers with an 
average multiplicity n, =5 to 6. The secondary showers are characterised 
by a very wide angular spread and a low number of slow fragments indi- 
cating small excitation of the target nucleus. The mesons in meson pro- 
duced showers are preferentially emitted in the backward direction. 


The charged shower particles of the main event do not arise from a 
shortlived heavy parent meson, 
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Charged shower particles as well as electrons produce electron pairs 
with a cross-section which is close to the cross-section derived by Bhabha. 


The number of neutral pions decaying into y-rays in a time less than 
~ 10-* sec. is very nearly equal to the number of charged shower particles 
produced. 


There is evidence for the emission of neutral interacting particles diffe- 
rent from neutrons. If these particles are neutral pions their lifetime must 
be equal to 10-“ sec. within a factor of two. If they are not pions but 
particles of longer lifetime their number is considerably smaller than the 
number of charged shower particles or neutral pions. 


Charge symmetry suggests that nearly all the charged shower particles 
are pions. Considerations of the energy balance in the collision suggest 
that a few shower particles carry an appreciable fraction of the total energy. 
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FiG. |. Shows the track of a Magnesium Nucleus which causes a shower of 210 
charged particles. Part of the shower core at a distance of 5-1 mm. from the origin is 
shown on the right, 
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DurRING the months of October, November and December, 1951, an 
investigation on cosmic-ray intensity was carried out in the Gold Mines 
at Kolar (Mysore State) surface altitude 2,800 ft., with a hodoscoped 
counter telescope, upto a depth of 1,008 meters water equivalent. The 
experimental details, and the main results of the investigation are presented 
in this paper under the following Sections :— 

Section I. Experimental details. 

Section II. Intensity Measurements, vertical flux at various depths. 

Section III. Angular Distribution of underground particles. 

Section IV. Production of Secondaries by u-mesons. 

Section V. Deduction of the Energy Spectrum of 7-mesons and of 

p-mesons from the intensity measurements. 
Section VI. Nature of the neutral radiation underground. 


Section VII. Comparison of results with the results of other experi- 
ments and Discussion. 


SECTION I. EXPERIMENTAL DETAILS 


The apparatus used is shown in Fig. 1. Six counters of length 
37-5cm. and diameter 4-0cm. were placed in each of the trays A, B, C 
and D. The trays A and B were separated by a lead absorber 2-5cm. 
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Fic. 1. Block Diagram Showing the Essential Electronic Circuits, 
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thick, and trays C and D by a lead absorber 7-5cm. thick. The extreme 
trays A and D were separated by 27-Scms. The semi-angles of acceptance 
of the telescope ABCD were 40° and 54° in the planes perpendicular and 
parallel to the counter axes. The semi-angles of ABC in the two planes 
were 60° and 68°. All the counters were filled with argon and petroleum 
ether in the ratio 9:1, to a total pressure of 10cm. The counters were 
operated about 50 volts above the threshold voltage. The efficiency of the 
counters was found to be 98-5%. 


The counters in trays B and D were hodoscoped with AC double 
coincidence pulse as the master triggering pulse.* A block-diagram showing 
the essential electronic circuits is given in Fig. 1. The circuit diagrams of 
the hodoscope and the film-winding circuit are given in Fig. 2 (a) and 
Fig. 2(b). Each hodoscope plug-in unit consisted of a twin-triode (7F7) 
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Fic, 2 (a). Hodoscope Circuit. 
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Fic. 2 (6). Film Winding Circuit. 





* At 10 and 22 mwe, where the AC rate was too high for photography every thirty-second 
AC pulse was taken as the master pulse, 
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which selected coincidences of the AC master pulse, and the counter pulse; 
and a univibrator (7F7) to broaden the coincidence pulse for flashing 
a neon indicator. Since the plug-in units were placed close to the counter 
trays, it was not found necessary to use a pre-amplifier-cathode-follower- 
inverter system for every counter. For AC double coincidence, 6AK5 
miniature pentodes were used. The coincidence pulse was fed to a 6J6 
cathode-follower. Two outputs were taken from the cathode point of the 
cathode-follower. One output, after inversion, served as the master-pulse 
for all the coincidence stages of the hodoscopes. The second output was 
fed to the grid of the first thyratron of the film winding circuit. 


Since the neon indicators connected in the plate of the univibrators 
flashed for a considerable time, it was essential to introduce a delay 
between the arrival of the master pulse on the grid of the first thyratron 
and the winding of the film. This was achieved by the thyratron delay 
circuit shown in Fig. 2, in the following way: With the arrival of the 
master pulse, the thyratron T, fired. It was not switched off immediately 
since the condenser C, was not connected to the cathode. A pair of 
off-to-on contacts of the relay in the plate of T, began charging the 
condenser C, in the grid of T, through. the resistance R,. As soon as 
the voltage on C, rose above the cut-off bias of T., the thyratron T, fired. 
T, too was not switched off immediately. The relay in the plate of T, 
had three pairs of off-to-on contacts. One pair switched off T, by connect- 
ing C, to the cathode of T,. Another pair put on the D.C. voltage for 
the film-winding motor. The third pair started charging C, through Rs. 
As soon as the voltage on C, exceeded the cut-off bias of Ts, the thyratron 
fired, but was automatically switched off. The pair of contacts of the 
relay in the plate of T, switched off T,. The delay time was controlled by 
C, and the potentiometer R,, and the winding time of the motor by C, 
and the potentiometer Rs. 


The experiment was first carried out at the surface. Then it was 
repeated at depths 503, 598, 807, 1008mwe. The 22mwe level was 
covered at the end. Though the main shaft was very wet, the places 
at which the experiment was set up, were comparatively free from moisture, 
Except at 1008 and 22 mwe, the telescope was more than 600ft. away 
from the main shaft, at all depths. At 1008 mwe, it was 200 ft. away and 
at 22 mwe, about 10 ft. away from the shaft. 


SECTION II. INTENSITY MEASUREMENTS 


From the hodoscope photographs, we were able to deduce the follow- 
ing counting rates ;— 
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(i) the three-fold coincidence rate Nagc (counts per hour) of particles 
capable of penetrating 2-5 cm. of lead, recorded by the telescope 
with semi-angles of acceptance 60° and 68° in the two planes; 

(ii) the four-fold coincidence rate Nagep (counts per hour) of particles 
penetrating 10cm. of lead, recorded by the telescope with 
semi-angles 40° and 54°; 


(iii) the four-fold coincidence rate of particles penetrating 10cm. 
lead, as recorded by a system of five single counter telescopes 
with semi-angles 12° and 64°. 


Table I gives the recorded rates Nagc, Nagcp at various depths. They are 
plotted against depth expressed in mwe on a log-log scale in Fig. 3. The 




















TABLE | 
Emin.(Bev) es hee | } 
of Nasc Nazcp | | 
Py sal u-mesons | (counts (counts Tasc Tascp Iy Annco_ x 100 
penetrating] per hr.) per hr.) Tazc 
H mwe { | 
| 
10 2-966 21440+610 | 9414+410 7-42 x10-° | 5-88 x10"; 6-11 x1073 79+2 
| | | +0-49 x10- 
22 | 6-425 | 9215+272 | 3806+173 | 3-71 x10-3 | 2-67 x10-3| 2-87 x10-3 72-0 
| +0-23 x1073 
503 152-8 54-3+2-6 |25-6 +1-8 | 2-56 x10-° | 2-04 x10-° 1-76 x10-5 79-7 
| : +0-24 x 10-5 
598 186-6 30-8+1-3 |14-7 +0-9 | 1-46 x10-° | 1-19 x107-5 1-24 x10°5 81-5 
| +0-13 «1075 
807 | 269-5 11-4+0-6 | 5-3 £0-4 0-539 x 10-5 | 0+425x 1075 0-555 x 10-5 78-8 
| | f | +£0-070 x 10-5 
1008 =| 370-6 4+74+0-21| 2-33+0-15| 0-224x10-° | 0-187x10-5° 0+237x 107-5 83-5 
as, | | +0-027x 10-5 








(The intensities I,,., Ingen, and I, expressed in terms of particles cm.-? sec.) sterad- 
have been computed using cos? angular distribution for 10 mwe, cos* distribution for 22 mwe, 
and cos‘ distribution for 503-1008 mwe.) 


last four experimental points corresponding to particles capable of pene- 
trating 10cm. lead, can be fitted to the straight line 


logio Nascp = 10-62 —3-41 log,,) H. 
Similarly, the last four Nagc rates, can be fitted to the straight line 
logio Nasc = 11°:30—3:-55 logy, H. 
These lead to the intensity-depth relations 
Nagcp = 101062 H-3-414 0-01 (1) 
Nasc = 1011:30 H-3-55 x 0-06 (2) 


For the component penetrating 10cm. of lead the slope of the line joining 
the surface point to the 22mwe point is 1-15, and the corresponding 
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Fic. 3. Counting Rate— Depth Curves. 
slope for radiation penetrating 2-5cm. lead is 1-09. It is seen that for 
depths below 503 mwe, the absorption curves for the particles penetrating 
2:5 and 10cm. lead, run almost parallel. From the last column of 
Table I, it is seen that at all depths, nearly 80% of the particles penetrating 
2:5cm. lead are capable of penetrating 10cm. lead. 


Table I gives the flux values Ixgc, Inzcp, and Iy, calculated from ABC, 
ABCD and the single-counter telescope counting rates, and also the ratio 
I,gcp/Iagc- The computations were made assuming cos? angular distribution 
at 10 mwe, cos? distribution at 22 mwe and cos‘ distribution for depths 
503-1008 mwe. The reasons for choosing these cosine powers are discussed 
in the following section (III). In the calculation of vertical flux, the 
angular distribution in both the planes was taken into account. The 
vertical flux Iy calculated from the single counter telescopes is more 
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accurate, since the effect of leakage spaces is a minimum. Between 
500 and 1008 mwe the vertical intensities can be expressed by the power law, 


Ty = 10356 H-31401 (3) 
SecTION III. ANGULAR DISTRIBUTION OF UNDERGROUND PARTICLES 


A detailed description of the procedure adopted for obtaining the 
angular distribution of underground particles, from the hodoscope records 
is given in the Appendix. The results are given in Fig. 4 and Fig. 5. The 
solid lines in the figures represent the distributions expected on the basis 
of cos’, cos*, and cos* laws. The experimental points for the four angles 
0°, 154°, 29°, and 40° are also plotted in the same figures for the two depths 
22 mwe and 598 mwe. It is seen that at 22 mwe, the experimental points 
are closer to the cos* curve rather than cos? or cos‘ curves. But at 598 mwe, 
the experimental points are closer to the cos* curve. While the number 
of particles recorded, particularly at large inclinations, is not sufficiently 
high for deciding unambiguously on the exact power law obeyed, the 
increasing steepness of the angular distribution curve with depth is unmis- 
takable. However, it may be pointed out that in the computation of 
vertical flux, a change from cos* to cos® distribution increases the calculated 
flux by only 5%. The corresponding increase, when the distribution changes 
from cos* to cos* is 7%. ' 
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Fic. 4. Angular Distribution at 22 Mwe, 
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Fic. 5. Angular Distribution at 598 Mwe. 


SECTION IV. PRODUCTION OF SECONDARIES BY .-MESONS 
(A) Secondary production in the lead of the apparatus 


The experimental arrangement used for the measurement of intensity 
was suitable also for finding the percentage of u-mesons that produced 
secondaries such as knock-on’s, bremsstrahlung electrons, etc., in the lead 
of the apparatus. For this purpose, the ABCD hodoscope events were 
classified into two groups: (1) Events with one discharged counter in 
tray B, and one discharged counter in tray D (B=1, D=1). (2) Events 
with more than one counter discharged in either B or D, or in both. 
The events of the second group, which we shall call ‘ multiple events ’ 
can be classified according to the number of counters triggered in trays 
Band D. Table II gives a full and detailed analysis of the multiple events 
at various depths. All the multiple events can however be divided into 
three main categories :— 


(i) one counter discharged in tray B and 
more than one counter discharged in tray D (B=1,D>1) 

(ii) more than one counter discharged in tray B and 
one counter discharged in tray D (B>1, D= 1) 


(iii) more than one counter discharged in tray B and 


more than one counter discharged in tray D (B>1,D>1) 
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Table III gives the observed number of events falling into each of the 
various categories described above, and also the percentage values to facilitate 




















comparison. 
TABLE III 
Classification of the hodoscope records, Arrangement I 
7 | 
\ Depth | 
\mwe} 10 mwe 22 mwe 503 mwe 598 mwe | 807 mwe 1008 mwe 
Event \, 
Nl | 
| | 
ABCD 541 474 | 208 287 191 259 
B=1 503 449 | 167 236 156 193 
D=1 | 93-O44-1 | 94-744-5 | 80-346-2 | 82-345-4 | 81-7465 | 74-545-4 
| 
B=1 14 10 | 16 22 19 24 
D>1 2-6 2-1 | 7:7 77 | 10-0 9-3 
| 
B>1 24 14 | 22 24 | 12 31 
D=1 4e4 3-0 | 106 84 8 86| «68 12-6 
| 
B>1 0 1 | 3 5 4 11 
D>1 0 0-2 | 1+4 1-6 2-0 4-2 
Multiple } 38 25 41 51 35 66 
Events {| 7-O0+1+1 5-Bt1-3 | 19-7431 17°742-5 | 18-343-1 | 26-543-1 





Interpretation of the events 


In the interpretation given below, the effect of the dead-space leakages 


of the counter geometry have been neglected. We assume that the leakage 
factor is the same at all depths, and regard the estimated percentages of 
multiple events as useful only fer comparing the values at different depths, 


Events of the type B = 1, D = 1.—These events are mostly due to: 


(a) single particles penetrating 10cm. lead without producing sec- 
ondaries ; 


(b) single particles producing secondaries that pass through the same 
counters as the single particles; 


(c) two or more closely collimated penetrating particles passing 


through the same counters in B and D. 


Without an exact knowledge of the angular distribution of the secondary 
particles, it is not possible to separate the contributions from the various 


groups. 


By regarding all the events of type B=1, D=1, as single 


particles, we obtain an upper limit to the number of single particles and 
a corresponding lower limit to the number of particles that are accompanied 





by secondaries. 
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2. (i) Events of type B= 1, D> 1.—Events of this type are caused by 
(a) single penetrating particles producing secondaries in the 7-5cm. 
lead between the trays C and D, the angles of emisison of the 
secondaries being sufficiently large for the secondaries, or the 
showers initiated by them to trigger neighbouring counters; 


(b) two or more penetrating particles with angular separation such 


that they pass through the same counters in B and through 
different counters in D. 


It is again difficult to separate the relative contributions of (a) and (6). 
Since it was observed that the events in which two neighbouring counters 
were discharged in both B and D were few [(in type (iii)], the contribution 
from the second type may be considered small compared to that from 
the first type (a). It is seen from Table III, that the percentage of these 
events increases from 2:6% at 10 mwe to 9-3% at 1008 mwe. 


(ii) Events of type B > 1, D = 1.—These events are due to 


(a) single penetrating particles incident on the telescope, accompanied 
by secondaries that can penetrate 2-5cm. lead; 


(b) single penetarting particles producing secondaries in 2-5 cm. lead 
plate, that cannot penetrate 7-5cm. lead. 


The upper limit to the contribution frem the first type of events (a) was 
determined from a modified experimental arrangement (Arrangement II, as 
distinguished from the set-up of Fig. 1, which is Arrangement I) described 
in sub-section (B). From this, the lower limit to the percentage of particles 
that produced secondaries in the 2-5cm. lead plate was known. Table IV 
gives the lower limits of percentages of secondaries produced in 2-5cm. 
and in 7:5cm. lead, for the three depths 22, 598 and 1008 mwe. 


(iii) Events of type B> 1, D > 1.—These events are due to 
(a) associated penetrating particles arriving from the rock; 


(b) single particles producing penetrating secondaries in 2-5 cms. lead, 
with large angular separation ; 


(c) single particles producing secondaries in both the lead plates— 
double knock-on’s, etc. 


The total number of observed events of this type were small. The 
percentage increased from 0-2% at 22 mwe, to 4:5% at 1008 mwe. 
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TABLE IV 


Secondary production in the lead of the apparatus and the rock 


| | | 


\. Depth (mwe) 10 | 2 503 
Description of event \ | 


598 807 1008 





7-7 | 10-0 9-3 


cs | 


Percentage of particles which produce 2°6 2-1 7 
secondaries in 7*5cm. lead block in 
the apparatus (lower limits) 


Percentage of particles which produce 2+8 | 68 | | gg 
secondaries in 2¢5 cm. lead in the 
apparatus (lower limits) 


Percentage of particles which produce 4°9 | 13*5 | | 18-2 
secondaries in the lead of the apparatus 
(lower limits ) 


Percentage of events with particles 84 42-0 41-0 
coming as multiples from the rock, 
corrected (lower limits) 





(B) Secondary production in the rock 


To determine the percentage of particles that arrived at the telescope, 
accompanied by secondaries produced in the rock, the following modifica- 
tion was made in the experimental arrangement: The tray D which was 
below the 7-5cm. lead block, was now placed above the tray A. The rest 
of the set-up remained the same. The counters in trays D and B were 
hodoscoped as before, with AC double coincidence pulse as the master 
pulse. 


As in sub-section (A), the events were classified as follows :— 
(i) Events of type D = 1, B = 1.—These events are due to 
(a) single particles penetrating 2-5 cm. lead; 


(b) closely collimated associated particles passing through the same 
counters in D and B; 


(c) single particles producing secondaries in the 2:5cm. lead plate, 
the secondaries passing through the same counter in D, as the 
primary. 


By regarding all the events D= 1, B= 1, as due to single particles, we 
obtain a lower limit for the number of events with associated particles 
arriving from the rock. The percentage of the events D=1, B= 1, 


decreases from 89% at 22 mwe, to 59% at 1008 mwe (Table V). 
A3 
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(ii) Events of type D= 1, B> i.—These are due to 
(a) single particles penetrating 2-5cm. lead, producing secondaries 
that trigger the neighbouring counters in tray B; 
(b) penetrating particles from the rock, which pass through the same 
counter in D, and through different counters in B. 
It is seen from Table V, that the percentage of these events does not change 


appreciably with depth. These events could be caused by mesons as well 
as penetrating electrons. 


TABLE V 


Classification of the hodoscope events of Arrangement IT 


™ 
\ Level 
* 
vent \, 


598 mwe 1008 mwe 


DABC | 310 


D=1) 485 || 184 
Bel} | 88-5+4-0 | 59-444-4 


D=1) | 29 
B>1) | 6O+1- 9+-4+1-+8 


— 8 84 
B=i *9+2-9 

b>1) ‘ 12 

B>1) . 31-2 7-4+1-9 
Events with particles | : 97 | 67 


coming as multiples | 5 31-2+3-2 | 33-0+4-0 
from top 
(D> 1, B=) 





(iii) Events of type D> 1, B = 1.—These events are due to particles 
which arrive as multiples from the rock. In this case, it was possible 
to get an estimate of the percentage of particles which were associated 
with secondaries that passed through the same counter as the primary 
particle. The calculation was made assuming a Gaussian distribution for 
the separation of particles, since the separation is governed mostly by 
scattering. From the frequency of events as a function of separation of the 
discharged counters, we calculated the constants of the distribution, and 
were able to get an estimate of the percentage of events in which closely 
collimated particles passed through the same counter. The corrected 
percentages of particles that arrived at the telescope as multiples for the 
three depths 22, 598 and 1008 mwe, are given in Table IV. It is found that 
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the percentage increases from 8% at 22 mwe to 42% at 1008 mwe. Compa- 
rison of these values with theoretical values is given in Section VII (C). 

The events of the type D> 1, B> 1, in Arrangement II, were useful 
in finding the lower limit to the number of cases in which single penetrating 
particles produced secondaries in 2:5cm. lead of the experimental arrange- 
ment I. Events of the type D> 1, B> 1, were those in which two or 
more particles came from the rock, each capable of penetrating 2-5 cm. 
lead, or one or both of them produced showers that triggered more than 
one counter in B. Therefore by regarding all events cf the type D> J, 
B>1, as those in which two or more particles arrived from rock, with 
at least one of them capable of penetrating 10cm. lead, we obtain an 
upper limit to the percentage of such events. This sets the lower limit 
to the percentage of cases in which secondaries were produced in the 
2:5cms. lead plate of arrangement I. 


SECTION V. DEDUCTION OF THE ENERGY SPECTRUM OF 7-MESONS AND 
OF «-MESONS FROM INTENSITY MEASUREMENTS UNDERGROUND 


If we make the assumption that p-mesons are produced only as 
a result of the decay of z-mesons, then we normally expect the spectrum 
of z-mesons to follow closely the energy spectrum of z-mesons at all 
energies, since the mass difference between 7’s and p’s is small. But at 
high energies the probability of absorption of 7-mesons increases relative 
to the decay probability. This renders the yx-meson spectrum at the high 
energy end steeper than the spectrum of z-mesons in the corresponding energy 
range. If the differential energy spectrum of z-mesons at production is 
given by the power law dN, (E) = k-E~-’dE, and if we assume that the 
cross-section for the absorption of 7-mesons is nuclear geometric upto the 
energies considered, then the p-meson differential spectrum is given by 
(George, 1952; Greisen, 1948) 


iN, = “=. a 


1+ aE 

| 8 x 10°-m R 
where _ = a ™ m, = Test energy of 7-meson in Bev = 0:143 and 

Te 
7, = mean life-time of 7-meson = 2:4x10-®sec., and E is expressed in 
Bev. When z-mesons decay into p-mesons the average energy of the 
w-mesons is about 0-81 times the energy of the m-mesons. The integral 
energy spectrum of y-mesons is therefore given by 


Pk EO 


N, (> 0-81 EB) = f 


E 


1+ aE “- (4) 
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To compare the experimentally determined intensities at various depths 
with the energy spectrum (4), we need the range-energy relation of y-mesons, 
The range-energy relation of u-mesons, considering the energy losses due to 
ionisation, bremsstrahlung, production of electron pairs, stars, penetrating 
particles, and Cerenkov radiation is given by (George, 1952) 

R an FAK tony (1+). (5) 
where R and E are expressed in mwe and mev respectively. The constants 
b and d are determined by the mean atomic number Z and the mean 
atomic weight A cf the material traversed. From the chemical compo- 
sition of the rock underground (Hornblend Schist, sp.gr. 2-98), the mean 
value Z = 11, and A = 22, have been computed. These lead to the values 
b = 5-36 10-* gm.—'cm+?, and d= 2-65 Mev gm.-!cm.+?,_ From (5), the 
minimum energies of u-mesons penetrating the various depths are calevu- 
lated and given in Table I (column 2). The depths between 500 and 
1008 mwe, roughly correspond to minimum p-meson energies E,,;, between 
150 and 400 Bev. The p-meson integral spectrum (4) has been drawn in 
Fig. 6 on log-log scale (for the energy range 150 < E < 400 Bev), for various 
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values of y, the exponent in the differential energy spectrum of 7-mesons. 
Integration of (4) for non-integral values of y is performed graphically. 
In the same figure, the experimental points obtained by us are also plotted. 
The curves have been normalised with respect to the 153 Bev experimental 
point (503 mwe). It is observed that the curves drawn with y between 
2-3 and 2-5 agree better than those with y = 2-1, or 3:0. The curve with 
y= 3-0 is much too steep and the one with y= 2-1 is much too flat 
to account for the observed experimental intensities. Therefore, a 7-meson 
differential spectrum with the value of the exponent in the neighbourhood 
of 2-4, in the energy range 200 < E < 450 Bev, fits best with our experi- 
mental results. 


It is seen from Fig. 6, that the curves are not very different from 
straight lines. This means, that in the energy range under consideration 
(150 < E < 400 Bev), the integral spectrum of u-mesons can be represented 
by a power law of the form N, (> E)=constant. E~. A least square 
fit for the first three experimental points gives the straight line 


logiy N, (> E) = —0-178 — 2-09 logy E, 


where N, the vertical flux is expressed in particles cm.~*sec.~!sterad-}. 
This yields the power law for p~-meson integral spectrum 


N,, (> E) = 0-664 E-20940-02 (6) 


in the energy range 150 <E < 300Bev. The least square fit for all the 
four points yields an exponent 2-41 instead of 2-09. 


SECTION VI. NATURE OF NEUTRAL RADIATION UNDERGROLND 


The counting rates of the trays A, B, C and D, decreased by a factor 
five from 10 mwe, to 503 mwe, and remained practically the same at all 
lower depths. Coincidence experiments revealed that the contribution of 
charged particles to the tray counts was negligible, compared to that of 
the neutral radiation, converted in the counter walls. The efficiency of the 
counters for the detection of neutral radiation was obtained by determining 
the counting rate of a single counter, and the double coincidence rate of the 
single counter and a system of concentric ring of counters. The measured 
efficiency was about 1% and was the same as the efficiency of the counters 
for gamma rays, measured with a gamma source. The counting rate of 
a single counter was reduced only by 60% when it was shielded on all 
sides by 2-5cm. lead. The energy of the gamma rays should be 2-5 mev, 
if 40% of the rays should be capable of penetrating 2:5cm. lead. The 
radiation was found to be isotropic. The neutral radiation in the mines, 
is therefore essentially of radioactive origin, 
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SecTION VII. COMPARISON OF THE RES™*LTS WITH THE RESULTS 
OF OTHER EXPERIMENTS AND DISCUSSION 


(A) Intensity of cosmic rays at various depths 


Intensity measurements have been carried out previously by Wilson 
(1938) upto a depth of 1406 mwe, and by Clay and Gemert (1939) upto 
a depth of 1107 mwe. Wilson measured the total intensity with a four-fold 
coincidence single counter telescope, without any absorber between the 
counters. Clay and Gemert measured the intensity of penetrating radiation 
with a four-fold coincidence telescope of semi-angles 35° and 63°, and 
10cm. lead in the telescope. Total intensity was also measured by 
Miesowicz, et al. (1950), at depths 540 and 660 mwe. Miyazaki (1949), 
in Japan, measured the intensity of penetrating particles at depths 1400 and 
3000 mwe. In order to compare our intensity measurements with those 
the above workers, we have calculated the vertical flux in terms of particles 
cm.~* sec! sterad-! from the counting rates given by the various workers, 
assuming a cos‘ angular distribution for the particles at depths below 







400 mwe. The calculated flux values of various workers are plotted in 
Fig. 7. 
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Fic. 7. Comparison of flux values of different workers. 


It is seen that at all depths our flux values for the penetrating compo- 
nent are higher than the total intensity values of Wilson and Miesowicz, 
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et al., by a factor 2. Again our intensities for penetrating particles are higher 
than the corresponding intensities of Clay and Gemert by a factor 4:5. 
The flux value of Miyazaki for penctrating particles at 1400 mwe is twice 
the value of Wilson for total intensity at 1406mwe. Extrapolating our 
curve to 1400 mwe shows that Miyazaki’s flux value is consistent with our 
flux values obtained for depths 500-1008 mwe. 


(B) Angular distribution of particles underground 


Our measurements of the angular distribution give a cos* variation at 
22 mwe, and a cos‘ variation at 598 mwe. Bollinger (1952) has measured the 
angular distribution of particles at 1600 mwe, with a hodoscoped counter 
telescope. His value for the cosine power is 3-1. As already stated, 
the total number of particles recorded by us is not quite sufficient to draw 
unambiguous conclusions regarding the exact power law obeyed by the 
underground particles. 


(C) Secondary production by p-mesons 


At 22 mwe, about 5% of the mesons traversing the telescope produced 
secondaries such as knock-on’s, bremsstrahlung electrons, etc., in the lead 
of our apparatus. The value increased to 18% at 1008 mwe (Table IV). 
These percentages are lower estimates, since the contribution from second. 
aries that pass through the same counters as the primaries could not be 
obtained. Tiffany and Hazen (1950) working with a cloud chamber at 
860 mwe, have found a similar increase of secondary production. They 
found that at 860mwe about 22% of u-mesons traversing the chamber 
produced secondaries in the lead plates inside the chamber. Nassar and 
Hazen (1946) have found that the corresponding value at sea level is 6%. 
We can also compare the variation with depth, of the number of u-mesons 
that are accompanied by secondaries, obtained in Section IV (B) (Table IV), 
with the theoretical prediction of Hayakawa and Tomonaga (1949). These 
authors have calculated the ratio of the number cf electrons arriving at 
various depths accompanied by the generating mesons, to the total number 
of mesons at those depths. As explained in Section 1V (B), our experi- 
ments give the percentage of mesons that arrive at various depths, accom- 
panied by at least one secondary electron. The theoretical curve and the 
experimental points are plotted in Fig. 8. It is seen from the figure that 
the experimental values agree well with the thcoretical values provided 
that mesons are accompanied mostly by single secondary electrons. 


(D) Energy spectrum of 7-mesons and of u-mesons 


In deducing the value of the exponent y in the differential production 
spectrum of a-mesons, two assumptions were made:—(i) u-Mesons are 
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Fic. 8. Contribution of various processes (Collision, Pair production, and 
Radiation) to the equilibrium soft component at various depths. 


produced only as a result of the decay of z-mesons; (ii) the cross-section 
for the absorption of 7-mesons is nuclear geometric. It was reported at 
the Bristol Conference (December, 1951) by Perkins that at Bristol they 
had obtained evidence fcr the production of k-mesons along with the 
m-mesons, in high energy nuclear interactions, in the ratio N,/N,=0-6 
+0:2. The average value of the mass of k-mesons given by them is 
m, = 1270m,. In a few cases they have identified the charged decay 
product of k-meson to be a p-meson. If this result is established by 
further experiments, then our first assumption that u-mesons result only 
as decay products of z-mesons is no longer tenable. It was shown in 
Section V that if we make the assumption that the p-mesons observed 
underground are the decay products of 7-mesons alone, then a z-meson 
production spectrum dN, (E) = k-E~** reproduces the intensity-depth curve 
obtained by us. However, calculation shows that if we make the assump- 
tion that 50% of the mesons produced in nuclear interactions are k-mesons 
with a life-time <10-® secs., then a much steeper production spectrum 
dN,,;, (E) = constant-E-*°, will reproduce the observed intensity-depth 
curve. 


Regarding the second assumption, it may be pointed out that the recent 
work of Lock and Yekutieli (1952) shows that the cross-section is nuclear 
geometric upto | Bev. Recent work in this Institute on production of 
stars in photographic emulsions by secondaries of penetrating showers, has 
revealed that the cross-section is of the same order (nuclear geometric) 
upto about 10!%ev. It seems therefore quite justifiable to assume the 
cross-section to be nuclear geometric for all energies considered by us, 
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SUMMARY 


An investigation on cosmic-ray intensity was carried out in the Gold 
Mines at Kolar (Mysore State), with a hodoscoped counter telescope, upto 
a depth of 1008mwe. The following conclusions may be drawn from 
the investigation :— 


(1) The intensity-depth curves for particles penetrating 2-5cm. lead, 
and for those penetrating 10cm. lead, run parallel between 500 and 
1008 mwe. 


(2) The vertical intensity of penetrating particles in terms of particles 
cm.-2sec.-! sterad-! can be expressed by the power law Iy = 10%%¢ 
H-*1+°! for 500< H s 1008 mwe. 


(3) The flux values for the penetrating component obtained by us are 
higher than the flux values of the total component given by Wilson, by 
a factor 2, at all depths between 500 and 810 mwe. Our flux values for the 
penetrating component are higher than the corresponding flux values of 
Clay and Gemert by a factor 4-5. Our surface value of flux is in agree- 
ment with the surface values of Wilson, Clay and Gemert. 


(4) The angular distribution follows approximately cos* law at 22 mwe, 
and cos* law at 598 mwe. 


(5) The secondary production by p-mesons in the lead of the apparatus, 
as well as the soft component that is in equilibrium with the hard component 
increases with depth. The experimental values giving the proportion of soft 
component that is in equilibrium with the penetrating component, agree 
well with the theoretical calculations of Hayakawa and Tomonaga. 


(6) Assuming that all the n-mesons observed underground are produced 
only as a result of the decay of a-mesons, the value of exponent in the 
differential spectrum of z-mesons at production in the energy range 
200 < E < 450 Bev, is found to be 2:4. 


(7) The experimentally determined p-meson integral spectrum in the 
energy range 150 < E < 300 Bev is given by N, (> E) = 0:664 E-? +002, 


(8) The neutral radiation underground is essentially of radioactive 
origin. 
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APPENDIX 


The hodoscope photographs enable us to obtain a rough indication 
concerning the angular distribution of the particles passing through the 
telescope. For this purpose, we consider events of arrangement II, in which 
one counter in tray D, and one in tray B were discharged. The six 
D counters are denoted by symbols D,, D,, ---D, and the six B counters 
by symbols B,, B,. ---B,. The event in which the i-th counter of tray D, 
and the j-th counter of tray B are discharged is denoted by (D;B;). 


(D,B,), (D.B,), ---(D,B,), i.e., events belonging to the group i—j = 0, 
are caused by particles arriving within an angle of 16° on either side of 
the vertical direction, in the plane perpendicular to the counter axes, 
Similarly, events of the group i—j = + 1, are due to particles arriving within 
an angular interval @,i,, = 0°, and @,,,,. = 31° on either side of the vertical, 
the mean direction in the interval, @,, being 154°. Similarly for i—j= +2 
Brin. = 154°, Onax. = 424°, and 0,, = 29°, and for i—j = + 3, Onin. = 29°, 
6 nex. = 51°, and 6,, = 40°. 


In certain cases, the angle defined by a single counter in D and 
a single counter in B, is only insufficiently covered by the tray C. Therefore 
not all the events i—j7=0, +1, +2, +3, are necessarily recorded as 
ABCD coincidences. Table VI gives the combinations (D,B,) in the four 
groups i—j= 0, +1, +2, +3, which are fully covered by tray C. 
The number of particles counted in these four angular intervals at 22 and 
598 mwe are given in columns 5, 6 of Table VI. 


For comparison, these numbers have to be normalised using the factors 
5-5, 8, 6 and 2, which are equal to the numbers of possible combinations 
(D;B,) for the four groups i—j = 0, +1, 42, +3. There is yet another 
normalisation factor arising out of the fact that the centres of the counters 
in B are not equidistant from the centre of any particular counter in D 
and vice versa, These factors are the geometric factors for the conversion 
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TABLE VI 


Angular distribution of esata at 22 and 598 mwe 


| 
| 
| 
} 
| 
} 





|Mean Angle 44», | 


Types of events in the group 
( D,B; ) 





| 
| 
| 
| 
| 


No. of 
events observed 
at 598 mwe 
at 22 mwe 
normalised 
at 598 mwe 


at 22 mwe 


jevents observed 


No. of 
| combinations 
| No. of events 
| normalised 
No. of events 





i-7=0 | (D,B,), 
| (D4By), 


i-7= +1| | (DgB; 
| (Dy B. 








183 82 
+17 +10 


164 65 
+13 +8 


135 42 
+14 +8 


| . 63 37 
a i __ | 2m | ote 


* Only three-fourths of the sain defined by (D, .B,) ) and (DB) are covered by tray C. 


of the observed intensities in various angular intervals into absolute inten- 
sities (in particles cm.-* sec.~' sterad-) in the mean directions joining the 
centres of the counters. The normalised figures giving the relative numbers 
of particles in the four directions 6,,= 0°, 154°, 29°, and 40°, for depths 
22 mwe, and 598 mwe are given in columns 7, 8 of Table VI, and pletted 


in Figs. 4, 5. 
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1. THE SUMMATION RULE IN ROTARY DISPERSION 


A FUNDAMENTAL theorem concerning the optical rotatory power of molecular 
systems was derived by Kuhn (1929), in the first instance, by considering 
the behaviour of a model consisting of two anisotropic linear resonators 
coupled with each other. The system is evidently capable of two modes 
of vibration both of which contribute to its rotatory power. But since the 
latter is a consequence of the interaction between the two resonators, the 
activity due to them turns out to be of opposite signs, when the frequency 
of the incident light is less than that of either resonator. For his elementary 
model, Kuhn derived the formula: 


1 1 
aii Ex yy »2— =a av*, (1) 


where p is the optical rotatory power while v, and »v, are the two characteristic 
frequencies of the model. Kuhn also showed that, more generally, we have 


a,v" 
pm 2 ey 
where 
Za, = 0. (2) 


A proof of the summation rule (2) involving no special assumptions 
regarding the molecular model has been given by E. U Condon in his review 
article (1937). Discussing the quantum-mechanical theory of rotary dis- 
persion due to Rosenfeld (1928), Condon has given the formula for the 
rotatory power 

167° N, n?+ 2 
p= ee i, ) 
where 
= c Dy R;, 


a 3rrh . %,°— p2’ 





ie ee a —_— —— A | 
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8, being the value of 8 appropriate to the molecules in quantum state a, R;, 

being the rotational strengths of the line »,,. Condon has proved that the 

sum of the rotational strengths 2 R,, is equal to zero, which is true for all 
b 


states, a, the summation being performed over all other states, b. This, in 
fact, is the same rule as that arrived at by Kuhn from his simple model. 


It is clear, therefore, that the fundamental criterion about optical rota- 
tory power furnished by the summation rule should be taken into account 
in deriving any formula, theoretical or empirical, which claims to express 
rotary dispersion. We shall proceed to examine the dispersion formule 
which had been proposed earlier, for quartz, in the light of these remarks. 


2. THE EARLIER ROTARY DISPERSION FORMULA 


Numerous formula have been proposed to account for the rapid 
increase in the rotatory power of quartz with decrease of wavelength. These 
formule include several terms both positive and negative, of the Drude 
type which are of the form 

-. + a,v* 
atid ¥ 2 he mon mi y2? (5) 
where 
Q, =4,A,7 (6) 
These formula have been reproduced below. Throughout p is expressed 
in degrees per millimetre and A in microns. 


Drude’s formula: 
Se 12-2 _ 5-046 
P = 2 — 0-010627 Az 
Lowry’s first formula: 
7 11-6064 _ 4°3685 4 13-42 
P= 2 — 0-010627 ~\e- A2 — 78-22 
Lowry’s second formula: 
= 9 -5639 2:°3113 
P= y2 — 0-0127493 — 12 —0-000974 ~ 9° 1905 
Bradshaw and Livens’s formula: 


.. ae. 0-40235 
A — 0-01274912) (A? — 0-01274912)? 
_ 838-432, 01331233 
(A* — 0-0120800) — (A — 0-0120800)* 


4 43:05794 2119-117 
(A® — 80-00) * (A? — 80-00)? 
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Radhakrishnan’s formula: 

— 4-948 4-617 

~ (A? — 0-014161) © A® — 0-011236 

2-311 0-000815 
— x8 — 0-000974 — GQ? = o-o195y2 ~ 91905) 

As mentioned in an earlier paper (Chandrasekhar, 1952), all these formula, 
except Radhakrishnan’s, deviate from the experimental data as we proceed 
into the ultraviolet. We shall now test whether these formule satisfy the 
summation rule which we have referred to in the previous section. Taking 
into consideration only the absorption bands in the visible and ultraviolet, 
2'a, has been evaluated for all these formule making use of the relation 


a, = Q,/A,*. In formule (7) and (8), the summation condition clearly does 
not hold, for, a, becomes very large for the terms for which A, is considered 
as vanishingly small. in formule (9) and (11) also, 2 a, for the terms of 


the Drude type does not vanish, the negative strength being nearly three 
times as great as the positive strength in both cases. In Bradshaw and 
Livens’s formula (10), the rotatory power is expressed principally as a 
difference of two very large terms of the Drude type, involving two close 
absorption wavelengths. Here again the summation condition is found 
to fail since 2 a, for the Drude terms is negative and of the same order of 


magnitude as for formule (9) and (11). Thus we find that the formule (7) 
to (11) which have been proposed do not satisfy the basic requirement of the 
theory and hence are inappropriate. 


> 


3. THE AUTHOR’S FORMULA 


The present author has shown (Chandrasekhar, /oc. cit) that the rotary 
dispersion of quartz is well represented throughout the visible and ultra- 
violet range of the spectrum by the single-term formula 

2 
= Om aye (12) 
where 
K = 7:186 and A, = 0-0926283 pu. 
It will be shown that the above formula satisfies the summation rule which, 
as shown above, disqualifies the earlier formule for quartz. For, let us 
consider the limiting case in Kuhn’s formula (1), when », and v2 are 
nearly equal. Then, the formula reduces to 


" aev" - KA? 
Pe (v9? — v2)? as (A? — A,2)? 
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neglecting «*/4 in the denominator, 


where 


and 


v," + V2" 


em 9) 


Such a case, when », is nearly equal to v,, would arise when the two resona- 
tors in Kuhn’s model are identical, so that when they are feebly coupled 
there would be two modes of vibration for the system whosz2 frequencies 
would form a close doublet. This, in fact, supports the statement made 
by the author in his previous paper (/oc. cit.) that the accuracy of fit of the 
above formula for quartz indicates that its optical activity arises as a result 
of an interaction in the nature of resonance between similar units constitut- 
ing the crystal. 


4. Rotary DISPERSION NORMAL TO THE Optic Axis 


The rotary dispersion of quartz at right angles to the optic axis has 
been determined for several wavelengths from 5461 A.U. to 2537A.U. 
by Bruhat and Grivet (1935). It is found that the rotatory power in this 
direction (p,) is opposite in sense to the rotatory power along the optic axis 
(p,) and that p, /p is approximately constant over this range of wavelengths. 
The data are well represented by a formula of the same general form (12) 
when K = — 3-56 and A,=0-111355yu. The calculated and experi- 
mental values are given in Table I below. 


TABLE I 
Rotary Dispersion normal to the Optic Axis 


| 
A (in p) p (expt.) p (calc.) 





-2537 —86 —84- 
- 2653 —74-5 —74- 
-2804 —63 —63:- 
3021 —51 —52: 
-3128 —48 —47- 
3341 —40- —40- 
-3665 —32 | —32: 
-4047 —26 —25: 
-4358 —21°5 —21- 
-5461 —13 | —13: 
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It will be seen from the above table that the calculated values agree 
with the experimental data over the whole range of wavelengths within the 
limits of experimental error. A comparison with the formula along the 
optic axis shows that the constant in the numerator in the present case is 
reduced by about }, but the characteristic absorption wavelength A, is 
slightly increased. This is not surprising, for even in the case of ordinary 
refraction, it is well known that the dispersion formule are notably different 
for different directions in the crystal. 


In conclusion, I wish to record here my sincere thanks to Prof. Sir C. V. 
Raman, Kt., N.L., F.R.S., for the helpful hints he gave me during this investiga- 
tion. 

5. SUMMARY 


The quantum mechanical theory of rotary dispersion leads to the rule 
that the sum of the rotational strengths 2 a, of the various terms in a dis- 


persion formula of the Drude type expressed in terms of the characteristic 
frequencies should be zero. It is shown in this paper that the rotary dis- 
persion formule for quartz which had been proposed earlier do not satisfy 
this summation rule. On the other hand, the single-term formula of the 
form p = KA?/ (A — Ay”)? suggested by the present author which fits the 
data along the optic axis accurately from the visible to the ultra-violet region 
of the spectrum, fulfils the summation condition. It is also shown that 
the data of Bruhat and Grivet for the rotary dispersion of quartz normal to 
the optic axis is fitted well by a formula of the same form as that given above 
if we put K = — 3-56 and A, = 0°111355 nu. 
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Ber! carried out the precipitation of manganese oxinate in two ways. In 
the first method, precipitation was carried out from an acetic acid-sodium 
acetate buffered solution containing a reducing agent by adding an alcoholic 
solution of oxine and in the second, the mineral acid solution containing 
manganese and oxine, without any reducing agent, was treated with dilute 
ammonia. The conditions for the precipitation of the complex were studied 
by Taylor-Austin,? Goto,* Tsinberg,t Smith® and Neelakantam.* The last 
author showed that the precipitates obtained by the second method could 
be dried to constant weight at 150° C., contrary to the statement of Berg, 
and recommended this method of precipitation. 


The volumetric estimation was carried out both by the direct and 
indirect methods by Berg.! In the direct method the complex precipitated 
by one of the above methods was dissolved in hydrochloric acid and titrated 
bromatometrically in the usual manner. In the indirect method, the com- 
plex was precipitated by adding an excess (measured volume) of the reagent 
and the excess determined in the filtrate. Excellent results were recorded 
in both cases. 


Neelakantam® reported that appreciable adsorption of oxine by the 
precipitate occurred when the precipitation was carried out in the presence 
of an excess of the reagent, with or without the addition of strong ammonia, 
and that a double precipitation did not improve the accuracy of the results 
in such cases. In the present investigation, the volumetric estimation of 
manganese under the conditions which occur in rock analysis was studied 
with special reference to the direct and indirect methods of titration sug- 
gested by Berg and their accuracies evaluated by comparison with the gravi- 
metric method of Neelakantam.® 


EXPERIMENTAL 


Manganous Chloride.—Crystalline manganous chloride (MnCl,, 4 H,O; 
A.R.) was dissolved in water and acidified with hydrochloric acid to prevent 
hydrolysis. The stock solution was standardised by the oxine method 
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(gravimetric) proposed by Neelakantam® and the results checked up against 
the pyrophosphate method. 


Oxine Solution —A solution of oxine (2-5%) in acetic acid (2 N) was 
prepared. 


Standard Bromate-Bromide (0-1 N).—Potassium Bromate (A.R. quality, 
2-784 gm.) was accurately weighed out, dissolved in water along with 
potassium bromide (12 gm.) and made upto one litre. 


Standard Sodium Thiosulphate (0-1 N).—Crystalline sodium thiosulphate 
(A.R. quality; 25 gm.) was dissolved in water and made up to one litre. 
The solution was standardised against the standard bromate solution in the 
usual manner. 


Procedure: Direct Method.—The oxinate complex was precipitated 
according to the procedure recommended by Neelakantam.® In the volu- 
metric method the precipi’ ¢ was dissolved in hot dilute hydrochloric acid 
(2 N) and the liberated oxine determined bromatometrically in the follow- 
ing manner :— 


The cold solution was treated with 3 drops of indigo carmine solution 
(1%) and titrated with standard bromate-bromide mixture slowly until the 
solution became pure yellow. The solution was diluted with 50c.c. of 
dilute acid (2 N) and treated with 10 c.c. of potassium iodide solution (10%). 
The liberated iodine was titrated with standard thiosulphate, starch being 
added towards the end of titration. 


The effect on the accuracy of the volumetric results of the following 
factors was investigated:—(a) magnitude of the excess oxine, (b) strong 
ammonia added after precipitation, and (c) presence of sodium chloride in 
large proportion. 


Effect of Excess Oxine——A measured volume of the oxine solution 
(2-5%) was added in excess of the theoretical requirement and precipitation 
carried out with dilute ammonia. Duplicate gravimetric and volumetric 
estimations were carried out. The results are given in Table I. 


The results in Table I show clearly that both in the gravimetric and 
volumetric methods the errors are positive and tend to gradually increase 
with the excess oxine added. However, the volumetric method yields 
slightly higher values. 


Effect of Strong Ammonia.—Precipitation was carried out using a slight 
excess (lc.c.) of the reagent and dilute ammonia. Finally a measured 
volume of liquor ammonia was added. The determination was completed 
volumetrically. The results are given in Table II. 
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TABLE I 


Manganese taken = 0-0575 gm. 





Manganese Found (gm.) 
Oxine excess 























No. (c.c.) 
Gravimetric Volumetric 
1-0 | 0-0575 0-0577 
2 2-0 | 0-0578 | 0-0578 
| 
3 4-0 : 0-0578 | 0-0580 
4 6-0 | 0-0579 | 0-0582 
| | 
TABLE II 
Manganese taken = 0-0575 gm. 
No Liquor Ammonia Manganese Found | Error 
(c.c.) (gm.) (mg.) 
| 
| l 
| 5-0 0-0580 +0-5 
2 10-0 | 0-0581 | -0-6 
3 15-0 | 0-0583 | +0-8 
4 20-0 | 0-0585 | +1-0 
| 








The above results show clearly that adsorption rapidly increases with 
the amount of liquor ammonia added. 


Effect of Excess Oxine and Strong Ammonia.—Precipitation was carried 
out in presence of a measured excess of the oxine reagent by adding dilute 
ammonia and 20c.c. of liquor ammonia was gradually added in each case. 
The determination was completed volumetrically. The results are given in 
Table III. 


The adsorption of oxine is very strong. With excess of the reagent, 
the complex was obtained as a pasty mass which turned into a hard mass 
on boiling. Satisfactory washing of the precipitate was impossible. 
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TABLE Ill 
Manganese taken = 0-0575 gm. 





0-0625 | 45-0 


No. Oxine excess | Manganese Found Error 
«C:c.) | (gm.) (mg.) 
Seer rae —_—_——— — — --.—— — —-----—_—_ —_— 
1 7-0 0-0585 +1-0 
| 
2 | 10-0 | 0-0593 +1°8 
3 | 13-0 | 0-0594 +1-9 
| 
4 | 16-0 | 





Effect of Sodium Chloride.—Precipitation was carried out in presence 
of 15 gm. of sodium chloride with a measured excess of oxine and dilute 
ammonia. The determination was completed volumetrically. The results 
are given in Table IV. 

TABLE IV 


Manganese taken = 0-0575 gm. 











N Oxine excess Manganese Found Error 
oO. 
(c.c.) | (gm.) (mg.) 
| | 
1 | 2-0 0-0574 —0:1 
a 6-0 0-0575 Nil 
3 10-0 0-0575 Nil 
4 14-0 0-0582 +0-7 
\ 








The above results compared with those given in Table [ show clearly 
that the magnitude of the adsorption is lesser in presence of sodium chloride 
for the same excess oxine added. 


From the above data it is clear that the direct titration method yields 
satisfactory results provided a large excess either of oxine or ammonia is 
not used in the precipitation. 


Back Titration Method.—The manganese was precipitated under the 
conditions referred to above using a measured volume (excess) of a stand- 
ard oxine solution from a burette. The precipitate was filtered through a 
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Whatman No. 41 paper and washed with hot water. The cold filtrate was 
made upto 500 c.c. in a measuring flask and aliquot portions titrated for 
excess Oxine with bromate-bromide in the usual manner. The manganese 
content was calculated from the oxine used up. The results are given in 


Table V. 
TABLE V 


Manganese taken = 0-0575 gm. 








a Oxine Manganese Found Error 
(c.c.) (gm.) (mg.) 

| 
1 19-0 0-0621 | + 4-6 
2 23-0 0-0617 + 4-2 
3 27-0 0-0626 + 5:1 
+ 31-0 0-0684 +10-9 








The excess (over the theoretical requirement) of oxine used ranges from 
6-5 to 18-5c.c. in the above experiments. The errors are large, and this 
shows that the excess of oxine was not completely removed inspite of repeated 
washing. It was also noticed in the latter experiments that the precipitate was 
obtained as a pasty mass which became solid on heating. The magnitude 
of the excess used is normal to a back titration method. The back titration 
method is therefore unsatisfactory. 


SUMMARY 


The volumetric determination of manganese with 8-hydroxy-quinoline 
was investigated. Errors due to adsorption have been shown to increase 
with increase in (a) amount of excess reagent and (b) strong ammonia; and 
to decrease in presence of sodium chloride. The direct titration method was 
found to yield satisfactory results provided a large excess of oxine or ammonia 
was not used. The back titration method was found to yield very high 
values due to adsorption. 
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§1. It is well known that Legendre’s associated functions P,” (z) 
satisfy the following four linear differential-difference relations :* 


(1) @+m)P,_.%=nz P,” —(z*— DC?,”Y, 

(2) (wn—m+1)P,..” =(@t+ 1I)zP,” + (2? — DC,”*)y, 

(3) (n—m+1)(n4+m)P,” = (22 — IEP”) + mz (z? — 1) * P,”, 
(4) P+) = (2? — 1) (P,”)' — mz(z? — 1)? P,”. 


These and fourteen other recurrence relations involving the P,,” (z) have 


been listed by Ganesh Prasad.1 Shabde? has studied independent proofs 
of nine of them, and by combining two or more of these nine relations 
(which include the above four) he has deduced the remaining nine. The 
object of the present note is to point out that the above four relations would 
entirely suffice to deduce all the others. It thus appears to be superfluous 
to study independent proofs of all the nine relations apparently considered 
by Shabde as basic. A few other relations have been deduced likewise which 
would well fit into the list drawn up by Ganesh Prasad. 


§2. The nine relations taken as basic by Shabde are the relations 
(1)-(4) above and the following five: 


(5) @—m-+ 1)P,a” — (n+ 1)zP,” + (n+ m)P._,” = 0, 

(6) P44 mz (2? — 14 P,” — (n— m+ 1) (+ mp,” = 0 

(7) (2?— 1) P,”"*!— (n — m)zP,” + (n + m)P,_,” = 0, 

(8) (+m) (c* — 1) PL + 2 P* — P.,.* = 0, 

(9) (n+ 1) Pi.” — m( + m) (2? — 1) PL — (22 — 1 PH 
= (n + 2m + 1)zP,”. 


* Throughout this note, n, m and z are arbitrary complex; the unwritten argument z is 
to be understood and dashes denote differentiation with respect to z. 
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The relations (5)-(9) are all trivially derivable from the relations (1)-(4): 
thus the elimination of (P,,”)’ from (1) and (2), from (3) and (4), from (1) 
and (4), from (2) and (3) would respectively yield the relations (5), (6), (7), 
(8); and finally the substitution in the left member of (9) from (2), (3), (4) 
respectively for P,,.,”, P,” "1, P,”*! would establish (9). 

One can similarly verify the following new relations by substitution 
from (1), (2), (3), (4), respectively for P, 1”, P,.1”, P,” 7, P,,”*?: 


(10) (22-1) P,”1 + (@+m+1)zP,.” —(n—m+ 1)P,,,” =0, 


n+l 
(ll) (n+ D— DP” =n(a—mst IP, W"—@t+D@t+m)P,”, 
(12) (z?— 1) (P,,”)’= n(n — m +1) (2? — IEP”! — mP,,.”, 
(13) (n — m) (2? — 1) (P,”)'= a (z? — 1) P+ m(n + Mm) P,,”, 
(14) z? — 1) (P,”)'= (n+ 1) (2+ m) (22 — 1) P,” 1 — mP,,,.”, 


(15) @@+m-+ 1)(z2— 1) (@,”) =m(a—m-+ 1) Pia” 

+ (n+ 1) (2? — 1) PH, 
(16) 2m (z? — 17-4 Ps” = (2 + m) (n+ m+ 1)P,* — P+, 
(17) 2m (2? — 1)*# PL” = (2 — m (n— m+ 1)P* — PA, 
(18) (2n + 1)(@? — 1)t PP,” = (@ — m) (2 —m + 1)P,.” 

—(n+m) (n+m-+ IP”. 

The above relations (10)-(18) are analogous to some of the relations recorded 
by Ganesh Prasad and might be considered to be a contribution to his list. 


It would be easy to extend the list of such relations to any length by only 
making use of the standard relations (1)-(4) in various combinations. 


It may be added in conclusion that all the relations considered in this 
note hold also if the P,,” (z) are replaced by the corresponding Q,,” (z), since 
the standard relations (1)-(4) are the same for the Q’s as for the P’s. 
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IN an earlier publication! the biogenesis cf pedicin was considered to involve 
the following steps. 


OH 
| 


no~-/ \-on CH—CeHs Peal CH—C,H, 


| =e 
Ue. Hl a 
| 
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The possibility of oxidation of (I) to (II) can be granted based on well- 
known analogies, the conversion of (III) to (IV) was effected by nuclear 
oxidation using alkaline persulphate.t An important point that required 
to be established was the conversion of (II) to (IID) by partial methylation, 
That this is the course of the reaction and not the alternative, i.e., formation 
of 2-hydroxy-4:5:6-trimethoxy chalkone was not proved. In order to 
provide this proof the study of the partial methylation of a closely related - 
but simpler case has now been undertaken. When 2:3: 6-trihydroxy-4- 
methoxy acetophenone (VII), prepared from 2-hydroxy-3:4: 6-trimethoxy 
acetophenone (V) by first carrying out oxidative demethylation to the quinone? 
(VI) and subsequent reduction with sodium hydrosulphite, is methylated 
with two moles of dimethyl sulphate the original 2-hydroxy-3 :4: 6-trimethoxy 
acetophenone (V) is obtained. Hence the validity of the biogenetic scheme is 
supported. It has not been possible to prove the above point strictly using 
the corresponding chalkone (X) itself since it is unstable and undergoes 
change into the corresponding flavanone. But the manner of flavanone ring 
closure again supports the greater reactivity of the hydroxyl in the 6-position, 
since the product is found to be 7-methoxy-5 ; 6-dihydroxy flavanore (XI). 
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On account of the instability of chalkones having hydroxyl groups in 
the 2- and 6-positions and of the greater stability of flavanénes having a 
hydroxyl group in the 5-position, an alternative scheme of biogenesis would 
suggest itself as more probable and is given below. 5: 7-Dihydroxy flavanone 
(XII) represents a type which is widely distributed. When it undergoes 
nuclear oxidation it can give rise to (XIII) which belongs to the carthamidin 
type. If all the hydroxyl groups of this compound should be methylated 
then the ring structure would become unstable and the corresponding chalk- 


one (III) would be produced which on further nuclear oxidation would give 
tise to pedicin. 
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G. VENKAT RAO AND T. R. SESHADRI 


EXPERIMENTAL 


2:3: 6-Trihydroxy-4-methoxy acetophenone (VII).—This was first pre- 
pared by Rao, Rao and Seshadri.?. Their procedure has now been followed 
except for the last stage i.e., the reduction of the quinone (VJ) to the final 
product. 


2-Hydroxy-4-methoxy-3 : 6-quinoacetophenone (VI) (5 g.) was added to 
boiling water (60c.c.) followed by sodium hydrosulphite (10 g.) in small 
quantities. A clear solution was obtained which was boiled for further 
two minutes and quickly cooled under the tap when a pale yellow solid sepa- 
rated. It was filtered, washed with cold water and crystallised from dry 


benzene when the quinol was cbtained as pale yellow prismatic needles melt- 
ing at 170-1°; yield, 3g. 


The triacetate of this compound was prepared using acetyl chloride 
and a drop of pyridine and heating under reflux on a water-bath for an hour. 
It crystallised from dry benzene as colourless prismatic tablets, melting at 
184-5°. (Found: C, 55-8; H, 4-8; C,;H,,O, requires C, 55-6; H, 4:9%.) 

Partial methylation of 2: 3: 6-trihydroxy-4-methoxy acetophenone (VII).— 
The above quinol (1 g.) was dissolved in dry acetone (50 c.c.) and redistilled 
dimethyl sulphate 1|c.c.; 2-1 moles) and ignited potassium carbonate (5 g.) 
were added. The mixture was refluxed for 12 hours, the acetone solution 
was filtered hot and the potassium salts washed with hot acetone. The 
solvent was distilled off from the filtrate and the residue dissolved in benzene 
and extracted with dilute sodium hydroxide (5%) twice. The alkaline extract 
was cooled in ice and ice-cold concentrated hydrochloric acid was then added 
in excess and left overnight in the ice-chest. The solid that separated out 
was filtered and crystallised from benzene when 2-hydroxy-3: 4: 6-trimethoxy 
acetophenone (V) was obtained, m.p. 113°; the mixed melting point with 
an authentic sample was undepressed. 


Reduction of 2-hydroxy-4-methoxy-3 : 6-quino-chalkone (IX).—The chal- 
kone (VIIT) was prepared by the method of Rao and Seshadri,! and oxidised 
to the quino-chalkone (IX) by the method of Rao, Rao and Seshadri.” Its 
reduction did not proceed satisfactorily with sodium hydrosulphite. Stand 
nous chloride* was found to be suitable. 


2-Hydroxy-4-methoxy-3 : 6-quino-chalkone (IX) (1 g.) was dissolved in 
alcohol (100 c.c.) and the solution boiled under reflux. To this was added 
in small quantities a solution of pure stannous chloride (25 g.) in concen- 
trated hydrochloric acid (20c.c.) during the course of one hour while the 
mixture was kept refluxing. The heating was continued for another hour, 
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The initial dark brown colour of the mixture gradually became pale yellowish 
brown. The alcohol was then distilled off as much as possible under reduce- 
pressure and the brown solution left behind was diluted with water (100 c.c.). 
The brown yellow solid that separated out was filtered, washed with water 
and dried in a vacuum desiccator. The product crystallised from ethyl 
acetate as pale yellow large prisms melting at 248° (decom.) with sinter- 
ing at 225°. It gave a bright green colour with alcoholic ferric chloride 
slowly changing to brown with excess of the reagent and no colour with 
alcoholic solution of p-benzoquinone. These reactions agreed with the 
requirements of a 5: 6-dihydroxy flavanone structure. The compound was 
found to be identical with 5: 6-dihydroxy-7-methoxy flavanone (IX) obtained 


by another method (unpublished results) and the mixed melting point was 
undepressed. 


SUMMARY 


Of the two hydroxyl groups in the 2- and 6-positions of 2:3: 6-tri- 
hydroxy-4-methoxy acetophenone and chalkone the 6-hydroxyl is shown 
to be more reactive. A modified biogenetic scheme is suggested for pedicin. 
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THE conversion of flavanones into flavones has been considered in an earlier 
publication.!. The use of bromine was one of the earliest methods examined. 
Methoxy-flavanones first used by Kostanecki? underwent nuclear bromina- 
tion besides substitution in the 3-position. More recently, Zemplen* employed 
acetates for this purpose, bromination being carried out in the presence of 
ultra-violet light. By this means, he obtained 3-bromo-derivatives without 
nuclear bromination. The use of N-bromo-succinimide, instead of bromine, 
appeared to provide a good improvement and probably be free from com- 
plications. Bromination of cyclohexanone‘ in the a-position by means of 
this reagent is already known and the product is a-bromo-cyclohexanone 
which yields subsequently cyclohexenone on treatment with bases for the 
removal of hydrogen bromide. Tetra-hydro-y-pyrene is similarly reported 
to give 50% yield of the 3: 5-dibromo-derivative® which could be converted 
into y-pyrone on treatment with pyridine. An analogous series of reac- 
tions would give rise to a flavone from a flavanone. 


4 


(a) R=OCHg, R’=H (b) R=R’=OCH, 
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As the simplest case, 7-methoxy-flavanone (I a) has now been first exa- 
mined, the reaction with N-bromo-succinimide being activated by the addition 
of benzoyl peroxide. The resulting bromo-compound (II a) is directly treated 
with dilute alcoholic sodium hydroxide solution and the final product is 
found to be identical with 7-methoxy-flavone (III a). When 5: 7-dimethoxy- 
flavanone (I 5) is used in stead, the product is a mixture involving some 
nuclear bromination also; the bromo-compcunds can be separated into 
two fractions using ethyl acetate. The less soluble fraction crystallises in 
colourless needles melting at 206-7°. It is found to be a mono-bromo- 
flavanone (IV) and gives rise to the corresponding mono-bromo-chalkone 
(V) when treated with alcoholic sodium hydroxide solution, showing thereby, 
that only nuclear bromination has taken place. The more soluble fraction 
on treatment with alcoholic sodium hydroxide solution and careful crystal- 
lisation yields a-mono-bromo-flavone (VII) in small quantities showing 
that in this case, besides nuclear bromination the 3-position has also been 
substituted (VI). The above nuclear bromination can probably be attributed 
to the influence of the activator benzoyl-peroxide, and was previously observed 
in the reaction with 3-methyl benzofuran.* In the present case, it seems 
to be more prominent than bromination of the methylene group since the 
mixture of products contains nuclear brominated (monobromo) flavanone 
(IV) along with another having substitution in the 3-position besides the 
nuclear bromination (VI). In regard to the position of the bromine atom 
in the benzene nucleus, it could be surmised that it is most probably in the 
8-position. The relevant considerations would be as follows. With 7-methoxy 
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flavanone, no nuclear bromination takes place. Hence 7-methoxyl group 
is not taking an active part in nuclear substitution, probably because the 
position para to it is not available for this purpose. 5-Methoxyl group 
should therefore be responsible for this nuclear substitution and 8-position 
which is para to it is the most likely position to be concerned. Similar 
results have been obtained in the case of coumarins. 


As representative of acetates which could be expected to resist nuclear 
bromination, naringenin acetate’ (VIII) has next been examined. There has 
been considerable difficultly in preparing this acetate in a pure condition 
owing to the tendency of the pyranone ring to open and yield the corres- 
ponding chalkone acetate. It has now been most conveniently prepared by 
acetylation of naringenin using acetyl chloride and pyridine in the cold. 
When this acetate is boiled with N-bromo-succinimide in carbon tetrachlo- 
ride solution in the presence of benzoyl peroxide it gives rise to a mixture 
of products. The more sparingly soluble fraction (major fraction) is free 
from bromine and is found to consist of apigenin triacetate (IX) which 
should arise from the bromination of the flavanone in the 3-position and 
the subsequent spontaneous elimination of hydrogen bromide under the 
conditions of bromination itself. This kind of spontaneous elimination of 
hydrogen bromide has been noted earlier in the case of bile acids. The 
more soluble fraction (minor fraction) contains bromine and yields on 
treatment with alcoholic alkali apigenin; hence this fraction should consist 
of 3-bromo-naringenin triacetate (VIII a). 


VEX g ( , cu-€ Ye 


CH CHB 
YY" 2 a 
R R 

(VIII) (VIII a) 


ee 
rN 


CH 
co 


(IX) 
R= —O-CO- CH3 


The results given above lead to the conclusion that the N-bromo-succini- 
mide method is not invariably satisfactory with methyl ethers of flavanones 
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since without peroxides the reaction is very slow and in their presence nuclear 
bromination also takes place. On the other hand, the method seems to be 


quite suitable for the conversion of acetates of hydroxy flavanones to the 
corresponding flavone acetates. 


EXPERIMENTAL 
Action of N-Bromo-Succinimide on 
(1) 7-Methoxy-flavanone (I a) 


7-Methoxy-flavanone (1:05 g.), N-bromo-succinimide (0-73 g.) and 
benzoyl peroxide (0:05 g.) were dissolved in anhydrous, distilled carbon 
tetrachloride (50 c.c.) and the mixture was refluxed on a steam-bath. The 
solution assumed a reddish-brown colour very soon and a flocculent precipi- 
tate having the same colour appeared within 10 minutes. Within half an 
hour the colour of the solution disappeared and the precipitate also became 
colourless and crystalline within about an hour. No hydrogen bromide 
appeared to be evolved. The mixture was then cooled in ice, the succini- 
mide that had separated out was filtered and washed with a little solvent 
and the collected filtrate was then distilled to remove the solvent. The semi- 
solid mass was washed with hot water thrice to remove all succinimide and 
then it solidified. It was subsequently treated with cold alcoholic sodium 
hydroxide (20 c.c., 2%) for one hour and the solution diluted with water when 
the final product separated out as colourless needles. It was filtered, washed 
with water in order to free it from alkali and dried. It crystallised from 
ethyl acetate-petroleum ether mixture in long, colourless needles melting 
at 109-10°. Mixed melting point with an authentic sample of 7-methoxy- 
flavone (III a) was not depressed. Yield, 0-62 g. 


(2) 5: 7-Dimethoxy-flavanone (Ib) 


5: 7-Dimethoxy-flavanone (0-73 g.), N-bromo-succinimide (0:46 g.) and 
benzoyl peroxide (0:03 g.) were taken in anhydrous carbon tetrachloride 
(S0c.c.) and refluxed on a steam-bath for about 4 hours. The solution 
assumed a pale-yellow colour in about | hour and remained permanent 
light-vellow at the end of the reaction. The mixture was cooled in ice and 
the succinimide that separated out was filtered off and washed with a little 
carbon tetrachloride and then the solvent was distilled off from the filtrate. 
A pale-yellow solid was left behind. It was crystallised from ethyl acetate 
thrice when colourless needles melting at 206-7° were obtained. Yield, 
0:12g. (Found: C, 55-6; H, 4:2; C,,;H,,0,Br requires C, 56:2; H, 
41%). This was mono-bromo-flavanone (IV). 
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The above compound (75 mg.) was dissolved in alcohol (10c.c.) and 
alcoholic sodium hydroxide solution (10c.c., 4%) added and the mixture 
was allowed to stand in the cold for 2 hours and then diluted with water, 
Nothing separated out. The solution was then acidified with dilute hydro- 
chloric acid when a yellow solid separated out. It was filtered, dried at 
room temperature and then crystallised from benzene when it came out as 
stout, rectangular prisms melting at 182-4°. It gave a brown colouration 
with alcoholic ferric chloride. solution. Its colour and reactions agreed 
with those of a chalkone (V). Yield. 60mg. (Found: C, 56-6; H, 4-5; 
C,7H,,O,Br requires C, 56:2; H, 4-1%.) 


The ethyl acetate mother liquors left from the crystallisation of bromo- 
flavanone (IV) and containing the more soluble portion was evaporated 
and the residue (containing VJ) was treated with alcoholic sodium hydroxide 
(30 c.c., 2%) for 2 hours and then the solution was diluted with water when 
pale-yellow needles separated out. This product was filtered, washed with 
water in order to free it from alkali, dried at room temperature and then crys- 
tallised from benzene 5 times when very pale-yellow needles melting at 250-2° 
were obtained. The substance (VII) gave Lassaigne’s test for bromine. 
Yield, 20 mg. (Found: C, 57:0; H, 4:1; C,7H,,0,Br requires C, 56:5; 
H, 3-6%.) 


(3) Naringenin Acetate (VIII) 


(a) Preparation of Acetate-—Naringenin (1-6g.) was dissolved in 
pyridine (5c.c.), cooled in an ice-bath and acetyl chloride (1-3 c.c.) added 
from a dropping funnel very slowly with stirring by means of a magnetic 
stirrer. At the end of the addition the mixture became semi-solid due to 
the separation of pyridine hydrochloride and more pyridine (5¢c.c.) was 
added. Stirring was continued for | hour more and then the vessel was 
corked well and kept in the refrigerator. Next day ice (about 50g.) was 
added and the mixture stirred when a semi-solid mass separated out. It 
was taken up in ether, dried over anhydrous sodium sulphate and the solvent 
was removed, when again a semi-solid residue was left behind. There was 
a strong smell of pyridine. Hence it was treated with ether-petroleum ether 
mixture when it turned into a colourless crystalline solid. It then crystallised 
from ethyl acetate-petroleum ether mixture in colourless, starry bunches 
of long needles sintering and becoming glassy at 80-82° and finally melting 
at 90-92°. Yield, 1-1 g. (Found: C, 63-3; H, 4:5; C,,H,,O, requires: 
Cc. @3; H, 4+) 


(b) Reaction with N-Bromo-succinimide—The above acetate (0-33 g.), 
N-bromo-succinimide (0-15 g.) and benzoyl peroxide (0-01 g.) were dissolved 
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in anhydrous carbon tetrachloride (40c.c.) and the mixture was refluxed 
on a steam-bath. The solution became pale-brown in about an hour but 
only a very small amount of brownish precipitate had separated out. More 
of N-bromo-succinimide (0-1 g.) was, therefore, added when the solution 
became reddish-brown and refluxed for further 2 hours. More of the red- 
dish-brown precipitate separated out and it gradually became colourless 
and crystalline. The colour of the reaction mixture became permanent 
pale-brown at the end of the reaction. The mixture was then cooled and 
the solid (succinimide) was filtered off. When the solvent was removed 
from the filtrate a very pale-brown solid was left behind. It was washed 
thrice with hot water, dried at room temperature and then crystallised from 
ethyl acetate-petroleum ether mixture when fine, pale-yellow needles melt- 
ing at 181-2° were obtained. It did not give Lassaigne’s test for bromine. 
Yield, 0-1 g. (Found: C, 63-4; H, 4:3; C,,H;,O, requires C, 63-6; 
H, 4:0%.) The substance was found to be identical with apigenin 
acetate (IX) and the mixed melting point with an authentic sample was 
undepressed. 


The colourless residue (VIII a, 40 mg.) from the mother liquors (of IX) 
was dissolved in aqueous alcoholic sodium hydroxide solution (1%, 10c.c.) 
and warmed for 5 minutes. The solution was then cooled, diluted with water 
and acidified with dilute hydrochloric acid when a yellow solid separated 
out. It was taken up in ether, the ether extract dried over anhydrous cal- 
cium chloride and the solvent was then evaporated. A yellow solid was left 
behind. It crystallised from ethyl acetate in rectangular prisms melting at 
342-5°. A mixed melting point with an authentic sample of apigenin was 
undepressed. 

SUMMARY 


Use of N-bromo-succinimide for the conversion of flavanones into 
flavones is investigated. 7-Methoxy-flavanone undergoes bromination in 
the 3-position and on treatment with alcoholic sodium hydroxide solution 
gives rise to a good yield of 7-methoxy-flavone. On the other hand, 5: 7- 
dimethoxy flavanone suffers nuclear bromination more prominently and 
yields a mixture of products containing 8-bromo-5: 7-dimethoxy-flavanone 
and the 3:8-dibromo compound. Naringenin acetate yields as the major 
product apigenin acetate, as the result of substitution in the 3-position and 
subsequent elimination of hydrogen bromide; the other product is 3-bromo- 
Naringenin acetate which undergoes conversion into apigenin with alkali. 
Acetates therefore appear to be the most convenient derivatives for this 
reaction. 
AS 
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Note added in the Proof.—After submitting this paper for publication 
we have come across the paper of Lorette et a/., C. A., 1952, 46, 1540-41, 
in which they have used N-bromo-succinimide and pyridinium bromide 
perbromide for the bromination of acetyl hesperidin and naringin. The 
bromination products were directly treated with alkali and the resulting 
flavone glycosides characterised. They have also recorded the need fo: 
the peroxide catalyst. 
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1. INTRODUCTION 


THE study of thermal expansion of crystals, especially those of monoclinic 
and triclinic varieties has been very meagre. The crystals of monoclinic and 
triclinic forms present considerable difficulties. On account of the aniso- 
tropy of the expansion, four sets of experiments for monoclinic and six for 
the triclinic are necessary to fix the dilatation ellipsoid and even after fixing 
the ellipsoid, three more experiments have to be done along the three princi- 
pal directions of the ellipsoid if one wants to investigate the variation of the 
coefficient of expansion with termeprature. 


Most of the monoclinic and triclinic crystals which are at the disposal 


of the author are artificially grown and contain water of crystallization 
besides having low melting points. Thus their thermal properties can only 
be investigated at lower temperatures. With this idea in view a low tempe- 
rature expansion apparatus, with which the expansion of crystals can be 
investigated from liquid-air temperature to room temperature was con- 


structed and the results of a monoclinic crystal, cane sugar, are presented 
here. 


The crystals of cane sugar were artificially grown and can be had in 
fairly big sizes with well-developed faces. The crystal has the planes (100), 
(110) and (101) well formed and hence its crystallographic axes can be easily 
identified. Groth has given the axial ratios as 1-2595:1:0-8782 with 
8 = 103° 30’. 

2. EXPERIMENTAL TECHNIQUE 


In the present work the well-known Fizeau interferometric method as 
modified by Merritt (1933) and Saunders (1939) was employed. The latter 
has described in great detail the entire experimental procedure to be followed 
in order to obtain results with the greatest accuracy. 


The low temperature apparatus (see Fig. 1) follows with suitable modi- 
fications that described by Adenstadt in his classic experiments. It consisted 
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of a heavy brass block (4 kgm.) which was surrounded by a vacuum jacket. 
The brass cylinder had three holes bored into it. The central big one holds 
the interferometric arrangement and was covered by an optic glass plate. 
It was then closed by a pyrex tube the top of this tube being closed by another 
optic glass plate. The whole interior was then evacuated through a side 
tube to a pressure of 2-3 mm. of mercury. This small pressure was enough 
to ensure good thermal contact between various parts of the interfero- 
meter but at the same time was low enough to avoid condensation of 
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carbon dioxide and moisture on the plates. Correction due to the variation 
of refractive index of air with temperature could be neglected on account of 
the smallness of pressure. 


The temperature of the specimen was indicated by a calibrated copper 
constantan thermocouple. A Leeds and Northrup potentiometer in con- 
junction with a standard Weston Cadmium cell and a sensitive galvano- 
meter was used to measure thermocouple voltages. This was sensitive up 
to a microvolt. 


Of the other two holes in the brass block, one contained a 300 watt 
insulated heating element and the second another copper constantan thermo- 
couple. The entire low temperature arrangement could be immersed in a 
bath of liquid air whose level could be adjusted by a screw stand. By adjust- 
ing the degree of vacuum in the outer jacket and the current in the heating 
element any desired rate of heating or cooling might be obtained. In the 
present work the rate was 1° C. per minute this being found sufficient to 
ensure good thermal equilibrium between various parts of the interferometer 
and the thermocouple. 


3. PREPARATION OF THE SPECIMENS AND PROCEDURE FOR 
MONOCLINIC SYSTEMS 


In the crystal of cane sugar, the (100), (001) and (110) planes are well 
developed and hence it is easy to identify the crystallographic axes. Since 
one of the principal axes of the dilatation ellipsoid must coincide with the 
diad axis of the crystal, i.e., the b-axis, a measurement of the expansion 
along the b-axis directly gives one of the three principal expansion coefficients, 
dgg. Hence three pyramids were cut with their vertices pointing along the 
b-axis and the expansion was measured from — 150° C. to room temperature. 
The other two principal axes lie on the (010) plane of the crystal and in order 
to fix them measurements in three different directions in the (010) plane are 
required. The relative positions of the crystallographic axes, a, c, the 
principal expansion axes OX,, OX, and the arbitrary direction OX,’, along 
which the expansion is measured are shown in Fig. 2. Then if ag,’ is the 
expansion along OX,’ we have the relation 


agg =A + Bcos 2é + C sin 2€, (Wooster) 
where A, B and C are given by 


Pa wa O33. B — aa °38 cos 2 and C = — Cur dss) sin 24 


wu and é are those indicated in Fig. 2. «,, and ag, are the principal expan- 
sions, i.e., expansions along OX, and OX;. Since ag,’ and € are measurable, 
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three sets of measurements along three different arbitrary directions give 
three simultaneous equations from which A, B and C may be found. Solving 


for %, a,, and ag, we find —tan 24 = C/B; a,,— A+ B/cos 2% 
and a3,= (A— B)/cos 2. 


Thus all the required information, viz., a,,, 43, and 4 may be obtained. In 
the experiment the three directions chosen were 


(i) along the c-axis of the crystal, i.e., € = 0, 
(ii) along the a-axis of the crystal, i.e., € = B = 103° 30’, 
(iii) along the bisector of a and c axes, i.e., € = B/2. 


The expansions were measured along these three directions and using 
Wooster’s formula, above, a,,, a3, and % were calculated at room temperature 
at which 8 is known. After thus fixing the dilatation ellipsoid two more 
sets of pyramids, now along OX, and OX, were cut and the expansion along 
theses were measured from — 160°C. upto room temperature. 


4. RESULTS 


The coefficients of thermal expansion along a,;, agg and agg are given 
in Tables I, If and III respectively against temperature. The variations 
Of a, a9, and a3, with temperature are also shown graphically in Fig. 3. 
Unfortunately due to the difficulty of interpretation of the results due to 


the variation of 8 with temperature no determination was made along any 
other arbitrary direction. 
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TABLE | 


Coefficient of linear expansion of sugar along OX, (a4) 


Temperatur 


| Temperature 
lee “a. 


—43 
= 
25 





TABLE II 


Coefficient of linear expansion of cane sugar along OX; (a3) 





| Temperature 
“<. 


l 
| 
| _—— | ayy x 108 





19-59 —63 
24-17 —43 
28 -07 0 

















TABLE III 


Coefficient of linear expansion of cane sugar along 
b-axis of the crystal, i.€., age 





Temperature 


| Temperature ay X 108 e 


™i. 





—100 16-34 —58 
18-41 —23 
20-0 — 3 











With angle ¢= - 23° 34’. at room temperature, 
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Temperature 
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5. DISCUSSION 


From a perusal of the results given above it is obvious that the variation 
of a with temperature is fairly high especially at lower temperatures and the 
values show a tendency towards saturation at higher temperatures. Un- 
fortunately data regarding variation of elastic constants, etc., are not 
available so that no comparison can be effected between the expansion 
coefficients and the elastic constants. At zero °C. the values of a,,, ae. and 
agg are in the ratio of 29-18: 36-67: 41-96, thus showing the high anisotropy 
of the crystal. These values are approximately inversely proportional to 
the axial ratios given by Groth. One peculiarity which the graph shows 
is that while the curves for a,, and a3g are convex that for a, is of the opposite 
nature. At about — 40°C. a, = ao = 26:5 and at about — 106°C. 
44;= agg 23-2 and at this temperature the expansion in the (010) plane 
should be isotropic. 


In conclusion the author expresses his gratitude to Prof. R. S. Krishnan 
for suggesting the problem and for his constant interest in the work. My 
thanks are also due to the Director of the Sugar Technological Institute, 
Cawnpore, for kindly presenting the cane sugar crystals. 
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6. SUMMARY 


The thermal expansion of a typical monoclinic crystal has been measured 
thoroughly using a low temperature apparatus and results obtained are shown 
in Fig. 3. It is found that in the case of cane sugar the anisotropy of expan- 
sion is fairly high especially at low temperatures while at room temperatures 
it is not so anisotropic. 
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INTRODUCTION 


Duar! (1925) discovered that a mixture of oxalic acid and bromine exposed 
to light for a short time and then brought back into the dark shows 
a greater rate of bromine reduction than a mixture that has not been 
illuminated. The photochemical after-effect was found to be of a short 
duration. The unimolecular velocity constants after irradiation approached 
the dark reaction rate in about half an hour from the time of darkening, 
No bromide was used in the reaction mixture. 


The reaction between potassium oxalate and bromine has formed the 
subject of extensive studies by Bhattacharya and Dhar? (1929), and 
Bhattacharya, Prakash and Dhar* (1932). These authors studied the 
reaction between bromine and neutral potassium oxalate, and measured the 
quantum efficiency of the photochemical reaction in the mercury arc light, 
as well as the reaction velocity and light absorption under varying condi- 
tions. Griffith, Mckeown and Winn‘ (1933) have discussed at length the 
photochemical reactions between bromine and neutral oxalate and free 
oxalic acid. None of these workers, however, made any observation about 
the photochemical after-effect in these reactions. With the exception of 
Dhar’s' preliminary experiment referred to above, there is no record in 
the literature of work on the photochemical after-effect in the oxalic 
acid-bromine reaction. It was, therefore, thought desirable to study this 
reaction in detail in order to throw some light on the mechanism of the 
after-reaction. The present paper contains some observations on the 
photochemical after-effect in the reaction between free oxalic acid and 
bromine. It is significant to note that the reaction between bromine and 
neutral potassium oxalate has also been found by the author to exhibit 
a marked photochemical after-effect of several hours’ duration. 


EXPERIMENTAL 


Kahlbaum’s analytical reagents were employed in this investigation. 
The experiments were conducted in pyrex glass bulbs, duly cleaned and 


steamed before use. The experiments on the oxalic acid-bromine reaction 


were conducted at 35°C. This reaction has been found by Dhar’ to be 
approximately unimolecular with respect to bromine. 


The dark reaction 
148 
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produces hydrobromic acid which exerts a retarding effect on the rate of 
bromine reduction. In order to minimise the fall in the unimolecular 
velocity constants with the progress of the reaction, an excess of potassium 
bromide was employed in the reaction mixture. The change in bromine 
concentration was determined from time to time by adding an excess of 
potassium iodide to 5c.c. of the reaction mixture in the dark and titrating 
the liberated iodine with standard thiosulphate solution. The reaction 
between oxalic acid and iodine is negligible under the conditions of these 
experiments. Due care was taken to prevent the action of light on the 
reaction mixture during titration. 


The oxidation reaction between oxalic acid and hypobromous acid has 
not been considered, because under the conditions of the experiments 
described here, the formation of hypobromous acid by hydrolysis 


Br, + H,O — HBrO + HBr 


is negligible. Due to the presence of hydrogen and bromide ions, the 
hydrolytic equilibrium is suppressed with the disappearance of hypobromous 
acid. All the experiments described here have been carried out in the 
presence of a large excess of bromide ions. The hydrolysis constant of the 
above equilibrium is of the order® of 10-* and even in the absence of such 
an initial excess of bromide ion as used in these experiments the formation 
of hypobromous acid is practically negligible. 


Fig. 1 shows the results obtained by using N/10 oxalic acid, N/120 
bromine and N/5 potassium bromide. Curve | shows the course of the 
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dark reaction, and Curve 2 shows the course of bromine reduction after 
illumination of the reaction mixture for 30 minutes by the light (filtered 
through water) of a 500-watt gas-filled filament lamp operated at 220 volts. 
The distance between the reaction vessel and the lamp was 50cm. These 
results are recorded in Tables I-Il. The velocity constant has been 
calculated according to the unimolecular formula, K = 1/t log a/a—x, where 
‘t’ is the time in minutes and ‘a’ the initial concentration of bromine in 
terms of c.c. of thiosulphate, and ‘x’ the change in time ‘?’. 


TABLE I TABLE II 


Exposed to light for 30 mts. 
In the dark throughout and then measured bromine 


reduction in the dark 











e | wee FT fj 0 
52 | 765 | 681 15 
54 | 7:30 | 664 7 | 
132 | 6:80 (| 656 81 
196 | 6:20 | 646 120 | 
287 | «5:50 | 609 200 | 

| | 270 


907 
841 
799 
738 
681 
627 


As the object of these experiments was to study the photochemical 
after-effect, no attempt was made to study the light absorption and quantum 


efficiency. These aspects of the reaction have been extensively studied by 
Dhar and co-workers!:** and Griffith, et al.‘ 


—- ae a 
t | a—x | K.106 


ERAADADD 
SUSSESS 











It may be emphasized that the photochemical after-effect is essentially 
a dark reaction initially stimulated by irradiation for a short time. From 
these experiments it is seen that the photochemical after-effect persists for 
over four hours. The activity in the pre-illuminated reaction mixture 
diminishes first rapidly and later on gradually until the velocity constants 
approach the dark reaction rate. The course of the after-reaction cannot 
be represented by any kinetic equation. It appears that in the primary 
light reaction some activated intermediate product is formed which causes 
the measured after-effect and at the same time disappears in other ways. 
The total change in bromine concentration cannot be represented by any 
simple formula. Similar ‘ decay curves’ have been obtained in the photo- 
chemical after-effect in the reaction between iodine and oxalate® (1939). 


Irradiation of H,C,O,-Br.-K Br mixture by quartz mercury vapour lamp 
gave the results that have been shown in Fig. 2 and recorded in Tables 
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IlI-V. The ‘decay curves’ show that there is a rapid fall in activity 
just after cutting off the illumination, so that it has been largely reduced 
by the time the first reading for the photochemical after-effect is taken. 
The results also show that the photochemical after-effect increases with 
increasing periods of pre-illumination up to a certain stage. When the 


TABLE III TABLE IV TABLE V 


Exposure 3 mts. Exposure 15 mts. Exposure 25 mts. 





| j 
K.105 | x | K.105 t | a—x | K.105 
| 





134 
90 
74 
64 
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irradiation is prolonged for some time, the after-effect shows a diminution. 
The observed diminution in the photochemical after-effect may be due to 
the retarding effect of hydrobromic acid which is produced in considerable 


concentration in the course of the reaction. This. point is being investi- 
gated. 


When the concentration of potassium bromide is diminished, the dark 
reaction becomes more rapid, and no after-effect of illumination can be 
observed when the concentration of potassium bromide is sufficiently 
reduced. It appears that the photochemical after-effect is very largely 
masked by the rapid rate of the dark reaction, and the former can be 
detected only when the dark rate has been considerably reduced by 
employing larger concentrations of potassium bromide. 


It was noticed that when the original concentration of bromine in 
H,C,O,-Br,-KBr mixture was restored in the dark immediately after the 
complete photo-reduction of bromine, the rate of reaction now obtained 
with added bromine was slightly lower than the dark rate and no ‘ secondary 
after-effect®” could be observed. 


Potassium oxalate and bromine 


A marked photochemical after-effect was noticed for the first time in 
the reaction between neutral potassium oxalate and bromine. They react 
rapidly at room temperature in the dark, and no photochemical after-effect 
could be detected at such temperatures. When, however, the dark reaction 
was damped by employing a large excess of potassium bromide and by 
carrying out the experiments at a lower temperature, a marked after-effect 
of illumination was observed. 


Dark reaction —The dark reaction between bromine and neutral potas- 
sium oxalate has been studied by a large number of workers. The dark 
reaction has been found to be unimolecular with respect to bromine. It 
has been established by the author that the reaction between potassium 
oxalate and bromine in the presence of a large excess of potassium bromide 
and oxalate is unimolecular with respect to bromine. In the absence of 
added bromide and considerable excess of oxalate the dark reaction is 
complex, but in the present study this complexity has been largely avoided 
by using large concentrations of both oxalate and bromide and isolating 
the reaction. The dark reaction has been studied under different conditions 
of temperature and concentration. Some typical experiments have been 
recorded in Tables VI-VIII, The concentrations were N/10 K,C,0,, N/5 KBr 
and N/120 Br,. 
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TABLE VI TABLE VII TABLE VIII 
Temp. 0-3°-0-8° C. Temp. 10° C. Temp. 25° C. 





a—x | K.10° a—x | K.105 t | a—x |K.108 
| 


| | 

is ae oe 0 6-80 | i ; 7 

7°45 238 15 ; | 198 ° 232 
7-25 | 218 37 | 177 ; 251 
6°95 216 64 | 182 ; 245 
6°65 | 253 105 4°4 | 175 
| 3 
| 





5 
179 10 191 














the unimolecular velocity constants 
(K = 1/t log a/a — x) are fairly constant and the dark reaction is unimole- 
cular with respect to bromine. 


Photochemical after-effect—The photochemical after-effect was studied 
by irradiating the reaction mixture at 0-3°-0-8°C. in a glass thermostat 
placed at a distance of 50cm. from the lamp (500-watt gas-filled filament 
lamp operated at 220 volts). The results are recorded in Tables [X-X. 

TABLE IX TABLE X 
N/10 K,C,0,, N/4 KBr, N/8 KBr, other conditions 
N/120 Br, same as in Table IX 








K.106 











715 | 150 138 
705 | 126 











172 3-20 
213 3-10 
330 2°85 


42] 
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In Tables IX-X, the after-effect has been evaluated by subtracting the 
rate of the dark reaction from the rate after irradiation. The first three 
readings above the line give dark reaction rates which were found to be in 
agreement with those obtained in dark reactions studied independently, 
The readings after switching off the light have been taken so long as the 
after-effect rates are distinctly higher than the dark rate. It is found that 
a marked after-effect of illumination is obtained after a short illumination 
(10 mts.) by the light of 500-watt filament lamp, and the after-effect persists 
for several hours as in the case of the oxalic acid-bromine reaction. It is 
clear from Table X that when the bromide concentration is reduced, the 
dark reaction becomes more rapid and the photochemical after-effect is 
considerably diminished. It was found that with N/2 potassium oxalate, 
and N/8 potassium bromide, the reduction of bromine in the dark was very 
rapid (K.10° = 121), and no after-effect could be detected under these 
conditions. 


DISCUSSION 


It is not possible at this stage to explain the mechanism of the pioto- 
chemical after-effect in the oxalic acid-bromine and the oxalate-bromine 
reactions. From the experimental results obtained, it appears that some 
reactive intermediate product is formed by the primary photochemical 


reaction between bromine and oxalate ion which continues its active 
influence after darkening, thus causing the photochemical after-effect. The 
velocity constant at any time in the after-reaction would, therefore, represent 
the mass of this active product at that time. This reacts with bromine 
more rapidly than the oxalate ion C,O,” and causes the photochemical 
after-effect, while decaying spontaneously in other ways. Abel and Schmidt’ 
(1935) reported the existence of the univalent oxalato ion C,O,’ of long life 
in the iodine-oxalate reaction, and suggested that the photochemical after- 
effect in this reaction is an evidence of the existence of this ion. This 
intermediary product which was suspected on kinetic grounds by Abel,® 
Schmidt and Retter (1932) had been originally postulated by Berthoud 
(1924)® in the photochemical reaction between potassium oxalate and iodine. 
Abel, et al.* further concluded from kinetic measurements on the iodine- 
oxalate reaction that the photo-formation and accumulation of univalent 
oxalato ion C,O,' of long life following irradiation of the reaction mixture 
is responsible for enhanced activity after subsequent darkening, the half-ion 
continuing its active influence on iodine and at the same time decaying 
spontaneously in other ways. More recently a detailed investigation of the 
marked photochemical after-effect of long duration in the iodine-oxalate 
reaction has been carried out® (1940), and a mechanism has been suggested 
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dispensing with the assumptions about the existence of activated molecules 
of long life as postulated by Mukerji and Dhar’® (1928) and depending solely 
upon a simple extension of the Berthoud chain mechanism (involving the 
univalent oxalato ion C,O,’) for the oxalate-iodine photo-reaction. 


Experimental observations described in the present paper indicate that 
a close similarity exists between the photochemical after-effect in the 
jodine-oxalate reaction® and the photochemical after-effect between bromine 
and oxalic acid or potassium oxalate under discussion. As already stated 
the formation of the univalent oxalato ion C,O,’ has been postulated by 
Berthoud® (1924) as a part of the mechanism involved in the bromine- 
oxalate photo-reaction. If it is assumed that the univalent oxalato ion so 
produced in the light reaction reacts with bromine more slowly than the rate 
at which it is formed in light, so that an excess of this active ion accumulates, 
the photochemical after-effect can be accounted for by the high reactivity 
towards bromine of this ion which carries on the chain when the illumina- 
tion is withdrawn. The variation in the magnitude of the photochemical 
after-effect with the period of pre-illumination shows that the formation of 
C,O,' in light is faster than the rate at which they are used up, so that 
an excess of this ion accumulates depending on the period of pre-illumina- 
tion. A similar mechanism has been postulated in the reaction between oxalic 
acid and potassium permanganate involving the half-ion C,O,’ (1943)!1, 


The failure to detect the ‘secondary after-effect’ (MacMahon and 
Lal, 1940)® in this reaction suggests that when all the bromine is used up 
in the light reaction, the univalent oxalato ions left behind after cutting 
off the illumination rapidly disappear by self-combination: 


C,O,’ + C,O,’ = 2 Co, + C,O,’ 


This self-combination of the oxalato ion has been assumed to be responsible 
for the decay of the photochemical after-effect in the iodine-oxalate 
reaction.® The decay of the photochemical after-effect in reactions involving 
bromine may also be ascribed to the gradual disappearance of the chain 
carrier C,O,' in the above manner. 


A complete elucidation of the mechanism of the photochemical after- 
effect in this reaction must await the results of further research. Experiments 
are already in progress in this direction. The above tentative mechanism 
has been suggested in the absence of further experimental evidence. 


SUMMARY 


A marked photochemical after-effect has been observed in the oxalic 
acid-bromine reaction in the presence of excess of potassium bromide. 
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The after-effect persists for several hours after cutting off the illumination, 
and increases with increasing periods of pre-illumination up to a certain 
stage. If the illumination is continued for longer periods the after-effect 
shows a diminution. The study of the retarding action of hydrobromic 
acid which is a product of the reaction may explain this diminution. When 
the bromine that has been photochemically removed in the light reaction 
is restored in the end solution in the dark immediately after the completion 
of the photo-reaction, no ‘ secondary after-effect’ is observed. 


Under suitable conditions the photochemical reaction between potassium 
oxalate and bromine is followed by a marked photochemical after-effect 
which persists for several hours. No ‘secondary after-effect’ could be 
detected in this reaction. 


The ‘ decay’ of the photochemical after-effect is very rapid just after 
the illumination is withdrawn and is relatively slower afterwards. It appears 
that the active intermediate product formed in the light reaction reacts with 
bromine giving the photochemical after-effect and is at the same time 
destroyed in other ways. 


A tentative mechanism of these after-effects has been suggested involv- 
ing the formation of the univalent oxalato ion C,O,’. 


The author’s best thanks are due to Professor P. S. MacMahon, 
Lucknow University, for his kind interest in this work. 
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